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REMARKS 

Claims 1-86 are pending in the present application. The Examiner indicated that Claims 
1-15 and 17-86 have been withdrawn as being drawn to a non-elected invention, and refers to the 
Election made in Paper No. 23. 

In the Response to Restriction Requirement filed on June 6, 2003 (Paper No. 23), 
Applicants elected Group CCXXIV. In particular, Applicants elected Claims 57 to 61 and 66-83. 
The claims were elected in so far as they relate to SEQ ID NO: 16. While SEQ ID NO: 16 is 
disclosed in Claim 16, Applicants did not elect Claim 16 for examination. Thus, Applicants 
request examination of the elected claims: Claims 57-61 and 66-83. 

Despite the confusion over the elected claims, Applicants have addressed the portions of 
the Office Action that have general relevance. 

First, the Examiner objected to text missing from the continuing data in line 7 of page 1. 
The specification has been amended to include the complete priority information. 

The Examiner also objected to the labeling of Figure 1A. The captions of the three panels 
of Figure 1A have been amended to read Fig. 1A, Fig. IB and Fig. 1C. Replacement figures are 
attached. The Brief Description of the Figures and other relevant portions of the specification 
have been amended accordingly. These amendments were made solely to conform the 
specification to the revised numbering of Figure 1 and do not add new matter. 

Discussion of Rejection Relating to Utility 

The Examiner argued that MrgXl (SEQ ID NO: 16) lacks an apparent or disclosed 
specific and substantial credible utility. Applicants respectfully disagree. 

The Standard 

According to the Utility Examination Guidelines ("Utility Guidelines"; 66 Fed. Reg. 1092 
(2001)), an application complies with the utility requirement of 35 U.S.C. §101 if it asserts at 
least one "specific, substantial, and credible utility." Each of the requirements is addressed 
separately below. 

Applicants draw the Examiner's attention to the fact that the utility discussed below for 
the claimed receptor directly parallels the caveat in Example 12 in the utility guidelines training 
materials, which indicates that the use of a receptor as a marker to identify specific sub- 
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populations of cells is a substantial utility, where the value of the identification is recognized in 
the art. As described below, the utility of identifying specific sub-populations of pain sensing 
neurons in the dorsal root ganglia was clearly recognized in the art at the time the invention was 
made. Thus, Applicants' claimed utility meets the requisite standard under 35 U.S.C. §101. 

Applicants Have Demonstrated a Specific Utility 

The Utility Guidelines explain that a "specific" utility is one that is specific to the subject 
matter claimed, in contrast to a general utility that would be applicable to the broad class of the 
invention. Here, the specification indicates that probes based on the Mrg receptors can be used 
to identify nociceptive neurons within the dorsal root ganglia, and more specifically can be used 
to identify a particular sub-population of nociceptive neurons that express the lectin IB4 (IB4 + ; 
page 39, lines 22-26). The ability to identify sub-populations of nociceptive neurons is based on 
the specific expression pattern of the Mrg receptors. This is a utility that is particular to the 
claimed receptors and is not applicable to polypeptides or even receptors in general. Thus, 
applicants submit that a specific utility has been provided. 

Applicants have Demonstrated a Substantial Utility 

Applicants have provided a real-world use and thus have disclosed a substantial utility. 
As discussed above, the specification indicates that the claimed molecule can be used as a marker 
to identify a particular sub-population of nociceptive neurons within the dorsal root ganglia, 
those that are IB4 + . The benefits of being able to identify specific sub-populations of nociceptive 
neurons within the dorsal root ganglia are well recognized in the art. 

Applicants' disclose in the specification that all of the Mrg receptors they examined were 
expressed in wild type DRG but not in DRG from mice that lacked the neurogenin gene (Ngn" A ) 
(see, e.g. Figure 2A of the specification). This indicated that the Mrg receptors are specifically 
expressed in nociceptive neurons. Expression of Mrg receptors was not detected in any other 
tissue of the body or in any other region of the nervous system that had been examined at the 
time of filing. 

In addition, the specification discloses that the receptors are specifically expressed in 
TrkA + nociceptive neurons within the DRG, and more specifically in a subset of nociceptive 
neurons that express the lectin IB4 (IB4 + ). This particular subclass of nociceptive neurons is 
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known to be therapeutically important. For example, a review of nociceptors by Caterina and 
Julius (Curr. Opinion Neurobiology 9:525-530 (1999), courtesy copy attached), demonstrates that 
IB4 + neurons are involved in chronic pain transmission (page 525, column 1, through page 526, 
first column). IB4+ neurons have also been found to be involved in neuropathic pain (Malmberg 
et al. Science 278:279-283 (1997), of record). 

The utility of using markers to identify the sub-populations of neurons in the DRG, such 
as those involved in pain sensation is clear and is well recognized in the art. For example, 
Petruska et al. (J. Neurophysiology 84:2365-2379 (2000), courtesy copy attached), teach that 
interpretation of data from studies of the DRG is confounded by the various types of sensory cell 
bodies. Petruska, et al. state that the advantage of being able to study the nociceptive sub- 
populations of neurons is manifest (page 2365, second column). 

In another example, the ability to identify IB4 + neurons allowed Bennet et al. (J. 
Neuroscience 18:3059-3072 (1998), courtesy copy attached) to study the viability of 
neurotrophin administration for the treatment of peripheral neuropathy with GDNF. Boucher et 
al. (Science 290:124-127 (2000), courtesy copy attached) demonstrate that GDNF has potent 
analgesic properties in neuropathic pain states. 

The therapeutic benefit of being able to identify or target IB4 + neurons is made explicit by 
Vulchanova et al. (Neuroscience 108:143-145 (2001), abstract attached), who demonstrated that 
a toxin conjugated to IB4 can be used to kill IB4 + neurons and thereby decrease sensitivity to 
noxious stimuli. The ability to target IB4 + neurons based on Mrg expression, as disclosed in the 
present application, would facilitate such therapeutic applications. 

For all of these reasons, one of skill in the art would recognize the substantial utility of 
using Mrg receptors as markers to identify specific, therapeutically important, sub-populations of 
neurons in the DRG. 

Applicants have Demonstrated a Credible Utility 

An assertion of utility is "credible" unless (A) the logic underlying the assertion is 
seriously flawed, or (B) the facts upon which the assertion is based are inconsistent with the logic 
underlying the assertion. Further, as stated in the Utility Guidelines, a credible utility is assessed 
from the standpoint of whether a person of ordinary skill in the art would accept that the recited 
or disclosed invention is currently available for such use. 
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As discussed above, the facts provided in the specification as filed are consistent with the 
logic underlying the assertion that Mrg receptors can be used to identify nociceptive neurons 
within the DRG. Thus, the application provides a credible utility. 

Discussion of Rejections Under 35 U.S.C. §102 

The Examiner found that MrgXl (SEQ ID NO: 16) is anticipated by Ahmad et al. (WO 
99/32519) because the present application is not entitled to priority under 35 U.S.C. §120. In 
reaching this conclusion, the Examiner indicated that the priority application (09/704,707) can 
not meet the requirements of 35 U.S.C. §112, first paragraph, where the present application, 
which is a continuation-in-part of the priority application, was found not to meet the 
requirements of § 1 12. 

In view of the arguments presented above, Applicants submit that the rejection under 
§101 and the related rejection under 35 U.S.C. §112 are improper. As the same utility is 
disclosed in the priority application 09/704,707, Applicant's submit that they are entitled to this 
priority under 35 U.S.C. §120 and that as a result, W099/3519 is not available as prior art under 
35 U.S.C. § 102(b). 
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CONCLUSION 



Applicant's respectfully request examination of all the elected claims. Further, they 
submit that in view of the arguments above, the elected claims are in condition for allowance. If 
the Examiner believes that a telephonic conference would be helpful, he is invited to contact the 
undersigned at the telephone number provided below. 



Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated: October 2 1 , 2003 By: 

Andrew N. Merickel 
Registration No. 53,3 1 7 
Attorney of Record 
Customer No. 20,995 
(415) 954-4114 
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Several lines of evidence suggesi ihat neuroirdphin administra- 
tion may be of some therapeutic benefit in the treatment of 
peripheral neuropathy. However, a third ofsensory neurons do 
not express receptors for the neurotrophins. These neurons are 
of small diameter and can be identified by the binding of the 
lectin IB4 and the expression of the enzyme thiamine mono- 
phosphatase (TUP). Here we show that these neurons express 
the receptor components for glial-derived neurotrophic factor 
(GDNF) signaling (RET, GFRa-1, and GFRa-2). In lumbar dorsal 
root ganglia, virtually all IB4-labeled cells express RET mRNA, 
and the majority of these cells (79%) also express GFRa-1 , 
GFRa-2 f or GFRa-1 pius GFRa-2. 



GDNF, but not nerve growth factor (NGF), can prevent several 
axotomy-induced changes in these neurons, including the 
downregulation of JB4_binding, TMP activity, and somatostatin 
expression. GDNF also prevents the slowing of conduction 
velocity that normally occurs after axotomy in a population of 
small diameter DRG cells and the A-fiber sprouting into lamina 
II of the dorsal horn. GDNF therefore may be useful in the 
treatment of peripheral neuropathies and may protect periph- 
eral neurons that are refractory to neurotrophin treatment. 

Key words: IB4; trkA; RET; somatostatin; GFRa-1; GFRa-2; 
axotomy; C-fibers; nociception; pain; sprouting; spinal cord 



In the adult animal, specific dorsal root ganglion (DRG) cell 
populations require particular neurotrophins for their phenotypic 
maintenance (Verge et al., 1996). The trk receptors in general are 
expressed in a nonoverlapping manner by sensory neurons in 
combination with the low-affinity neurotrophin receptor p75 
(Wright and Snider, 1995). Large diameter DRG cells mostly 
possess myelinated axons and respond principally to low thresh- 
old stimuli. These neurons express trkB or trkC or both (Mc- 
Mahon et ah, 1994). Small diameter DRG cells, in contrast, have 
unmyelinated axons and are principally nociceptors and thermo- 
ceptors. Half of this group (40% of total DRG cells) constitu- 
tively synthesize neuropeptides and express trkA (Averill et al., 
1995; Molliver et al., 1995). The other half of the small diameter 
DRG cells (35% of total DRG cells) possess cell surface glyco- 
conjugates that can be identified by binding of the lectin Isolectin 
B4 from Griffonia simplicifolia (IB4) (Silverman and Kruger, 
1990). They also express the enzyme thiamine monophosphatase 
(TMP). During development these cells are dependent on NGF 
for survival (Silos-Santiago et al., 1995). During the postnatal 
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period, however, these cells downregulate trkA expression (Ben- 
nett et al., 1996a; Molliver and Snider, 1997). It is this population 
that in the adult does not express detectable levels of the low- 
affinity neurotrophin receptor p75 nor any known trk receptor 
(McMahon et al., 1994; Averill et al., 1995; Molliver et ah, 1995; 
Wright and Snider, 1995). In this study we have examined the 
possibility that GDNF exerts a trophic action on these neurons. 

GDNF is a member of the transforming growth factor-0 
(TGF-0) superfamily (Lin et al., 1993) and is related to neurturin 
(Kotzbauer et al, 1996). GDNF has been demonstrated to have 
potent survival-promoting effects on midbrain dopaminergic neu- 
rons (Beck et al., 1995; Bowenkamp et al, 1995) and motoneurons 
(Henderson et al, 1994; Oppenheim et al., 1995; Yan et al., 1995). 
There is growing evidence that GDNF can have a trophic action 
on sensory neurons. In GDNF-deficient mice there is a significant 
reduction in the number of spinal sensory neurons (Moore et al., 
1996). During the late embryonic and postnatal period, the sur- 
vival of a subpopulation of DRG cells is supported by this factor 
in vitro (Buj-Bello et al., 1995), and those neurons that are 
supported are IB4 binding (Molliver et al., 1997). GDNF can also 
prevent the death of axotomized developing sensory neurons in 
vivo (Matheson et al, 1997). 

The receptor for GDNF is thought to be a complex of GFRa-1 
(Jing et al., 1996, Treanor et al., 1996; GFRa Nomenclature 
Committee, 1997), which acts as a ligand binding domain, and 
RET, which acts as the signal transducing domain (Durbec et al., 
1996, Trupp et al., 1996). Neurturin also appears to use RET for 
signaling, but operates via another GPI-linked binding protein 
termed GFRa-2 (Baloh et al., 1997; Buj-Bello et al., 1997; GFRa 
Nomenclature Committee, 1997; Klein et al., 1997). GDNF may 
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also be able to act via GFRa-2, particularly in the presence of 
RET (Sanicola et al., 1997). In this study, we have examined the 
expression of these GDNF receptor subunits within adult sensory 
neurons. 

One means of studying the trophic requirements of different 
subgroups of sensory neurons has been to determine to what 
extent injury-induced changes can be reversed by the administra- 
tion of exogenous trophic factors (Verge et al., 1995, 1996). The 
second aim of the present work was to investigate the efficacy of 
GDNF in reversing such axotomy-induced changes in adult sen- 
sory neurons. 

MATERIALS AND METHODS 

Animal surgery. Adult male Wistar rats underwent unilateral sciatic nerve 
section combined with an intrathecal infusion of recombinant human 
GDNF (rhGDNF), rhNGF or control buffer. The sciatic nerve was 
exposed under pentobarbitone anesthesia (40 mg/kg, i.p., with sterile 
precautions) and ligated 20 mm distal to the obturator tendon. Concur- 
rently a small laminectomy was performed between L6 and SI vertebrae, 
and the.dura_was.cut. A SIL ASTIC tube of 0.6 mm outer diameter was 
introduced intrathecal^ so that its tip lay at the level of the lumbar 
enlargement of the spinal cord. The intrathecal tubing was attached to an 
Alzet miniosmotic pump (type 2002; Alzet, Alz a Corporation, Palo 
Alto, CA) delivering at a rate of 0.5 yxl/hr. Animals received either a 
control infusion (n = 4; saline with rat serum albumin, 1 mg/ml) or this 
vehicle.plus rhGDNF (n = 4 at 12 /ig/d; n = 3 at 1.2 jtg/d) or rhNGF 
(n = 3 at 12 /ig/d; n =«3 at 1.2 jtig/d). Another group of animals 
underwent axotomy with either control infusion (n = 4) or GDNF 
treatment (n = 4 at 12 jig/d; n = 3 at 1.2 /ig/d). Twelve days later the left 
sciatic nerve was re-exposed and injected with 4 u\ of 1% B-subunit of 
cholera toxin (CTB) (List Biological Labs, Campbell, CA) in distilled 
water, using a micropipette glued to a Hamilton syringe. Animals were 
perfused with heparinized saline followed by 4% paraformaldehyde 14 d 
after sciatic section. Another group of normal animals (n ~ 5) was 
labeled with CTB in the same manner but did not undergo sciatic 
axotomy. After perfusion the left and right L4 and L5 DRGs were 
removed as well as L3-L6 segments of the spinal cord. Pins were placed 
in the right side of the spinal cord at the border between L3/L4, L4/L5, 
and L5/L6 to ease identification of the spinal levels during analysis. 
Tissues were post-fixed in 4% paraformaldehyde for 2 hr, after which 
they were transferred to 15% sucrose overnight. One group of animals 
(n = 4) was perfused in the same manner and used for in situ hybrid- 
ization. Another group of naive animals (n = 3) was used to provide 
control values for IB4, somatostatin, calcitonin gene-related peptide 
(CGRP), and TMP staining. 

Electrophysiological analysis was performed on five different groups of 
animals: normal intact animals (n = 4); animals in which the tibial nerve 
had been cut and tied 2 weeks previously and with an intrathecal cannula 
delivering 1 mg/ml normal rat serum albumin in saline at 12 pl/d (n = 5); 
animals with tibial nerve axotomy and continuous intrathecal delivery of 
rhGDNF (12 M g/d; n =.3), rhNGF (12 ,ig/d; n = 3), or rhGDNF and 
rhNGF (12 /xg/d each; n = 4). This surgery was performed under 
pentobarbitone anesthesia and with sterile precautions. 

Staining procedures. Sections of DRG and . spinal cord were cut at a 
thickness of 15 and 20 urn, respectively. Sections of DRG were cut 
serially onto slides so that each slide contained an ordered series of 
sections throughout the ganglia, at a separation of at least 150 /xm 
between sections. When the spinal cord was cut, every fifth section was 
mounted serially onto slides. Every slide therefore had a series of sections 
through the L4 and L5 region of spinal cord at a separation of at least 800 
um between sections. For immunostaining, primary antisera were rabbit 
anti-CGRP (1:2000, gift of Professor J. M. Polak), rabbit anti- 
somatostatin (1:2000, gift of Dr. T. Gores), goat anti-CTB (1:2000, List), 
and biotinylated IB4 (10 jig/ml, Sigma). Secondary antisera were FITC- 
or TRITC-conjugated anti-rabbit or anti-goat IgG (1:200, Jackson labs) 
or FITC-conjugated Extr-Avidin (1:200, Sigma). Histochemistry for 
TMP was also performed as described previously (McMahon, 1986). 

Analyses of colocalization of RET immunoreactivity with other DRG 
products were performed on 8 pun cryostat sections using dual-labeling 
immunofluorescence. The production and staining characteristics of the 
RET antiserum have already been described (Molliver et al., 1997). RET 
immunostaining was combined sequentially with markers described 
above as well as sheep anti-CGRP (1:2000, Affiniti) and anti-rabbit trkA 
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(Averill et al., 1995). Indirect tyramide signal amplification (TSA, New 
England Nuclear) was used for the first reaction when staining with two 
rabbit antisera as described previously (Michael et al., 1997). The lack of 
cross-reactivity is thought to be caused by the fact that the primary 
antiserum is highly diluted compared with when it is used in indirect 
immunofluorescence without amplification (e.g., trkA 1:100,000 vs 
1:4000), and therefore the second series reactions do not detect it This 
was verified by a lack of staining in control single-labeled preparations 
using indirect immunofluorescence and the antiserum dilutions used 
for TSA. 

For combined fluorescence histochemistry with in situ hybridization, 
cryostat sections (6-8 jxm) were cut and thaw-mounted onto Superfrost 
Plus slides (BDH Chemicals, Poole, UK). Immunocytochemistry and/or 
lectin binding histochemistry was performed before in situ hybridization 
(Michael and Priestley, 1996b; Michael et al., 1997). Sections were 
incubated for 40-48 hr at room temperature with trkA antibody (4 
pg/ml), N52 monoclonal antibody to phosphorylated heavy chain neu- 
rofilament (1:400, Sigma), or biotinylated IB4 (10 fig/ml) diluted in 
diethylpyrocarbonate (DEPC)-treated PBS containing 0.2% Triton 
X-100, 0.1% sodium azide, 0.5 mM dithiothreitol, and 100 U/ml RNasin 
(Promega, Madison, WI). Lectin binding buffer also contained 0.1 mM 
MnCl 3; 0.1 mM MgCI 2; and 0.1 mM-CaCl^. Sections were washed in 
DEPC PBS and incubated for 4 hr in tetramethyl rhodamine isothiocya- 
nate (TRITC)-conjugated secondary antibodies (1:200, Jackson Labora- 
tory' Bar Harbpr, ME) or fluorescein^isothiocyanate (FITQ-conjugated= 
Extr-Avidin (1:200, Sigma) diluted in the same buffer without added 
divalent cations. After additional washes in DEPC PBS, sections were 
processed through prehybridization steps, hybridized to ^S-dATP end- 
labeled oligonucleotides, and washed as described previously (Michael 
and Priestley, 1996a). Slides were dipped in autoradiographic emulsion 
(Amersham, Arlington Heights, IL) and developed after 4-6 weeks. 
After the slides were coverslipped with PBS glycerol (1:3 containing 
2.5% l,4-diazobicycio-(2,2,2)-octane), fluorescent labeling and silver 
grains were visualized using epifluorescence microscopy combined with 
either epipolarized illumination or dark-field illumination. The oligonu- 
cleotides used for probes were complementary to nucleotides 996-1029 
of the rat GFRa-1 sequence (Jing et al., 1996) and nucleotides 161-194 
of the rat RET sequence (Canzian et al., 1995), and for GFRa-2 the 
oligonucleotide sequence cctggactgatgtttgtcgtgagctctgtgaagc was used 
(Klein et al., 1997). 

Controls for the specificity of in situ hybridization included adding a 
100-fold excess of unlabeled oligonucleotide to hybridization buffer, 
which effectively competed all specific binding of radiolabeled probe Use 
of the GFRa-1, GFRa-2, and RET to label sections of rat brain yielded 
patterns of hybridization identical to reported patterns (Trupp et al., 
1997) (our unpublished observations). All probes were synthesized to be 
of the same size and G+C base content and produced reproducible and 
characteristic patterns of labeling. 

Image analysis. After in situ hybridization, cells that had silver grains 
over the cell cytoplasm at least five times background were counted as 
positive. For quantitation of in situ hybridization, counts of cells labeled 
for RET, GFR-al, and GFRa-2 and coexpressed cell markers were 
conducted on ganglia from at least four animals, with separation between 
analyzed sections being at least 100 /un. At least 1500 cells were counted 
for each probe/peptide combination. For counts of the percentage of cell 
profiles expressing CGRP, somatostatin, I B4 binding, and TMP activity 
after different treatments, six sections were randomly selected for each 
marker for each animal in each group. In each section the total number 
of cell profiles was counted using dark-field illumination, and then the 
number of positively stained cell profiles was counted. 

For image analysis of IB4, TMP, CGRP, and CTB staining within the 
dorsal horn, four randomly selected sections of L4/5 spinal cord were 
used from each animal. Two sections were selected from L4 and two 
sections were selected from L5 to ensure that the analysis was not biased 
toward one region of the lumbar enlargement. For analysis of IB4, 
CGRP, and TMP staining, images of spinal cord sections were captured 
directly off the microscope at 25 X objective magnification using a Grun- 
dig FA87 digital camera with integrating framestore. The image was then 
thresholded to a set level to reveal the labeling. Four boxes of size 27 X 
27 were placed over lamina II of the axotomized side (within the 
sciatic territory) and in equivalent positions on the contralateral (i.e., 
intact sciatic) side of the sections. The area occupied by labeled terminals 
was then calculated for each box. A similar method was used for analysis 
of CTB staining, but in this case the four boxes were placed over lamina 
III of the sciatic-labeled territory and four were placed dorsal to the 
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lamina Unboxes in lamina II outer. The area occupied by CTB-stained 
terminals within each of these boxes was then calculated. 

This image analysis system was similarly used for cell size distribution 
analyses of RET, GFRd-1, and GFRa-2. Images of DRG sections were 
captured directly off the microscope as described above. Cell profiles 
were outlined using a hand-held mouse from which the cell area was 
calculated. For the RET analysis 1128 profiles were drawn, for the 
GFRotrl analysis 990 profiles were drawn, and for the GFRa-2 analysis 
. 567 profiles were drawn. Cell size distribution analyses were also per- 
' formed on normal L4/5 ganglia (n - 4 animals), axotomized ganglia {n - 
4 animals), and ganglia that had undergone axotomy in combination with 
GDNF treatment (12 /ig/d; n = 4). Twelve sections that had been cut at 
a thickness of 15 -pm and stained with toluidine blue were selected for 
each animal. The selected section was then divided into quadrants, and 
all the profiles within a randomly selected quadrant were outlined. In 
total 2033 profiles were drawn in the normal group, 2256 in the axotomy 
group, and 1875 in the axotomy plus GDNF group. 

Trophic factor effects on electrophysiological properties of axotomized 
C-fibers. As an independent measure of the efficacy of trophic factors, we 
studied the electrophysiological properties of damaged C-fibers. The 
conduction velocity (CV) distribution of C-fibers projecting through the 
tibial nerve was measured in urethane-anesthetized animals (1.25 gm/kg, 
i p.) in -terminal experiments. Fine strands-of --the-L5 dorsal root were 
dissected and mounted on recording electrodes. The tibial nerve was 
continuously electrically stimulated at 2 Hz with square wave current 
pulses: 5 mA, 1 msec. The evoked activity on the root filament . was 
amplified and filtered by conventional means, and the averages of 64-128 
responses were constructed (see Fig. 9). In these averages it was possible 
to determine the latency of individual fibers. All fibers conducting at less 
than 2 m/sec were included in analysis. Typically 3-10 C-fibers were 
found in each strand.. A sample of approximately 50 individual C-fibers 
was measured in each animal, from which the conduction velocity distri- 
bution was computed. Distributions from three to five animals in each 
experimental group were averaged and plotted as cumulative sums (e.g., 
see Fig. 9). The distributions of CVs were statistically compared using 
the. Kohnogorov-Smirnov test 

RESULTS 

GDNF receptor expression within sensory neurons 

Abundant labeling for RET, GFRa-1, and GFRa-2 mRNAs was 
observed in lumbar DRG cells (Fig. 1), with 64 ± 4.4, 40.6 ± 1.5, 
and 32.8 ± 1.0% of DRG cell profiles labeled, respectively. Cells 
of all sizes showed labeling, but GFRa-2 and RET mRNAs were 
expressed by proportionally more small and intermediate-sized 
cells (Figs. 1, 2). 

To identify the cell types that were labeled, in situ hybridiza- 
tion was combined with immunocytochemistry for markers that 
are widely used to characterize three main DRG subpopulations 
(Averill et al., 1995). Strikingly, a high level of expression of all 
three GDNF receptor components (RET, GFRa-1, and GFRa-2) 
was found in cells labeled with the lectin IB4 (Fig. 2, Table 1), a 
marker for small neurons that do not express any of the trk 
receptors (Averill et al., 1995; Molliver et al., 1995). In the case of 
RET, virtually all IB4 cells express RET mRNA (95%), and the 
IB4 cells account for a very high percentage of the RET popu- 
lation (79%) (Table 1). In contrast to RET, GFRa-1 and GFRa-2 
mRNAs are each expressed in only approximately half of the 
IB4 cells (46 and 55%, respectively) (Table 1). To determine 
whether GFRa-1 and GFRa-2 are expressed by the same IB4 
cells, serial sections were triple-labeled for trkA, IB4, and 
GFRa-1 or GFRa-2 mRNAs (Fig. 3). This analysis revealed 
that the RET/I B4 cells can be subdivided into four, roughly 
equally sized subgroups, based on their expression of the GFRa 
subunits: GFRa-1 alone (21% of IB4 cells), GFRa-2 alone 
(28%), both GFRa-r and GFRa-2 (30%), and neither GFRa-1 
nor GFRa-2 (21%). 

In contrast to the high expression of GDNF receptor compo- 
nents in the IB4 cells, expression was low in the second subpopu- 




8 

CM 



GFRa-1 

35 



o o O O -O o o 

Q O O O O O O 

CO O tT CO CM CO O 

*- CM CM CO 

cell area (^m 2 ) 



^ 30 

— - 25 

>» . 

o 20 

§ 15 

§> 10 

U. 5 




fill B H B 



o o o o o o 

o o o o o o 

CM <o O ^* CO CM 

i~- t- ^- CM 



H 1— H — 

o o 
o o 

CO o 
CM CO 



cell area (jam 2 ) 



GFRa-2 

35 



30 




□ neg 
■ pos 



i*i w i B i n i B i — i — i — h 

o o o o o o o o 
oooooooo 

CM CO O xt CO CM CO o 
y- CM CM CO 

cell area (|im 2 ) 

Figure I Cell size distribution of DRG cell profiles positively and 
negatively labeled for RET, GFRa-1, and GFRa-2 within L4/5 dorsal root 
ganglia. RET and GFRar-2 are present predominantly in small and inter- 
mediate diameter DRG cell profiles but are also present in some large 
diameter DRG cell profiles. GFRa-1 is more evenly distributed through 
the whole cell size spectrum. 



lation of DRG cells, namely the trkA immunoreactive cells. 
GFRa-2 mRNA was observed in very few trkA immunoreactive 
cells (3%) (Table 1), and although RET mRNA was expressed by 
a significant number of trkA cells (28%) (Table 1), they belonged 
to a group that also showed IB4 labeling (Table 1). The majority 
of trkA cells do not show IB4 labeling (Averill et al., 1995; 
Michael et al., 1997) and did not express either RET or GFRa-2 
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J%«« 2 Expression of RET, GFRa-1, and GFRa-2 in IB4-labcIed DRG cells. In situ hybridization for RET (a), GFRa-1 (c) or GFRa-2 (c) was 
combined with IB4 labeling (b, d,f).a and b show that many IB4 cells express RET {arrows indicate double-labeled cells). A similar pattern is seen in 
c and d and in e and / in relation to GFRor-1 and GFRa-2, except that the GFRa components are expressed in a smaller proportion of IB4 cells Long 
arrows 'indicate I B4-labeled cells that express GFRa-1 or GFRa-2, whereas short open arrows indicate IB4 cells that do not express GFRa-1 or GFRa-2 
Scale bar, 50 /nm. 



mRNAs (Table 1). However, a small number of these cells do 
express GFRa-1 mRNA (Table 1). The GDNF receptor compo- 
nents were also expressed in the third subpopulation of DRG 
cells, namely large neurons that can be identified by labeling 
with anti-neurofilament antisera such as N52. GFRa-1 and RET 
mRNAs are expressed by a significant number of N52 immuno- 
reactive cells (40 and 33%, respectively) (Table 1), but GFRa-2 is 
virtually absent (only 5% of N52 cells). 

To further study.the pattern of RET expression, a polyclonal 
antiserum to RET 'was used (Molliver et al., 1997). Staining 
of L4/5 DRG sections (Fig. 4) revealed immunoreactivity in a 
population of DRG cells similar to that labeled by in situ 
hybridization. Thus 72% of L4/5 DRG cell profiles were RET 



immunoreactive, and of these the majority were also Un- 
labeled (96% of IB4 cells were RET immunoreactive) (Fig. 4). 
Only 27 and 30%, respectively, of RET immunoreactive cells 
showed immunoreactivity for trkA or for the neuropeptide 
CGRP (Fig. 4). The distribution of RET immunoreactivity in 
the lumbar enlargement of the spinal cord was also studied. 
RET immunoreactive terminals were present principally in 
lamina Hi (Fig. 4), the same region in which IB4 labeling is 
observed (Fig. 4). It was interesting, given that some large 
diameter DRG cells express RET (see above), that clear label- 
ing for RET immunoreactive terminals was not observed in the 
regions of the spinal cord where these neurons terminate, i.e., the 
deep dorsal horn or the ventral horn. 
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Table 1. Percentage of DRG neurons co-expressing immunoreactivity for trkA, IB4, trkA + IB4, or N52 and in situ hybridization signal for RET 
GFRa-1, and . GFRa-2 mRNAs ■<■: . ;^ ' 




RETmRNA 




GFRa-1 mRNA 




GFRa-2 mRNA 






% RET 

expressing other 


%• other 
expressing RET 


% GFRa-1 
. expressing other 


% other 

expressing GFRa-1 


' % GFRa-2 
expressing other 


% other 

expressing GFRa-2 


TrkA 
IB4 

TrkA + IB4 
N52 


15.0 ±0.8 

78.7 ±1.1 
13^ ±2.2 ... 

25.8 ± 3.3; 


27.7. ±2.2 : - y 

: 95.3 ± 0.3 

77.6 ±8:4 ; 

33;0±2i0 / ; ; 


-17.9; ±1.2 
49.5 ±1,0 

; 2.5 ± qjs 

40.0 ± 3.8 


18.0 ±1.0 
46.0 ± 3.6 
12.7 [±\X ■ 
40!6±2.0 


2.8 ± 0.4 

78.3 ±1.8 ."• ' 
2.1 ±0.6 r- 
16.7 ± 1.7 • V- 


■; 2.9 ± 0.4 
54.5 ±0.6 
9.2 ± 2.3 

■\\ 5.0 ±0.4 
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H GF ^ a - X and GFR ^ 2 ex Pfess>on in IB4 cells. GFRa-1 and GFRa-2 are coexpressed in one group of I B4 cells, expressed separately in other 
tn^iS? °a x e S reS ?. ? n 3 ?°"^£ 0U P« Serial sections are shown triple-labeled for trkA (a, d), IB4 (b, e), and either GFRa-1 (c) or GFRa-2 

V ) mRNAs. A IB4 cell expressing only GFRa-1 is identified by an arrow. An arrowhead indicates a IB4 cell that expresses only GFRa-2 The double 
arrow indicates a IB4 cell that expresses both GFRa-1 and GFRa-2. Note that none of these cells are trkA immunoreactive. The star indicates a IB4 
cell that expresses neither GFKa-1 nor GFRa-2. This cell is also trkA immunoreactive. Also shown is a large cell (asterisk) that expresses both GFRa-1 
and U*Ra-2. It is not IB4^Iabeled or trkA immunoreactive. Scale bar, 50 /un. . 



GDNF reverses axotomy-induced changes in the 
IB4-binding population of sensory neurons 

To investigate the trophic effects of GDNF on sensory neurons, 
the ability of GDNF and NGF to reverse axotomy-related 
changes in different populations of sensory neurons was com- 
pared. Two different doses of these factors were used: a low dose 
of 1.2 jtg/d and a high dose of 12 /ig/d administered continuously 
over 14 d (these doses were based on our own and others previous 
findings) (Bennett et al., 1996b, Verge et al., 1995), and because 
these proteins are being administered in vivo, these doses are 
much higher than would be considered appropriate in vitro. 

There were marked phenotypic changes in the IB4-binding 
population of small diameter DRG cells after 2 weeks of axo- 
tomy, including a reduction in the percentage of DRG cell pro- 
files that bind IB4, from -40% to <20% (Fig. 5, Table 2). 
Intrathecal application of low-dose GDNF significantly increased 
the number of DRG cell profiles binding IB4 after axotomy (p < 



0.001; unpaired t test), and the high-dose GDNF treatment was 
even more effective (p < 0^001; unpaired / test) (Fig. 5, Table 2). 
In contrast, intrathecal application of NGF (at either dose) had 
no significant effect on this marker (Fig. 5, Table 2). TMP is an 
enzyme present principally in the IB4-binding "trk-Iess" popula- 
tion of DRG cells. A histochemical reaction was used to reveal 
TMP activity within DRG cells, and this produced a black 
reaction product within the cytoplasm of cells. Axotomy led to a 
large reduction in the proportion of DRG cell profiles that ex- 
pressed TMP activity (Fig. 5, Table 2). Intrathecal administration 
of GDNF at a low dose produced a significant increase in the 
proportion of cell profiles expressing TMP activity compared 
with no treatment (p < 0.05; unpaired t test) (Table 2). Intrathe- 
cal administration of GDNF at a high dose after axotomy was 
even more effective (p < 0.001; unpaired t test) (Fig. 5, Table 2) 
and restored TMP activity to a level not significantly different 
from normal. Intrathecal administration of NGF (at either dose) 
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Figure 4 Co localization of RET immunoreactivity with neurochemical markers in DRG cells and spinal cord, a-f, Dual labeling showing RET 
immunofluorescence (a, c, e) combined with IB4 labeling (6), trkA immunofluorescence (d), and CGRP immunofluorescence if) in DRG csUs Arrows 
mdicate extensive colocalization of RET and IB4 in small diameter cells (a, b). Note that all IB4 cells show RET immunoreactivity. However, several 
f^S? 1 !!™ -f ^ d f ° ,DO f, bind IB4 (asterisks), RET labeling is not evident in many trkA cells (c, d). Asterisks denote trkA cells that are not co-labeled 
* SSLo ™ Y ' CW . c 9 RP " cxprcssil18 DRG ceIk are mT imm "noreactive (e, f). Asterisks indicate cells that do not express RET but are labeled 
for CGRP. The arrow indicates a cell that is dual-labeled, g-j, Low-magnification ( & i) and high-magnification ft j) micrographs showing RET 
immunofluorescence (& h) and IB4 ft j) double labeling in the dorsal horn of the spinal cord. Labeling is most intense in inner lamina II. Arrows in 
h and; mdicate individual double-labeled axons. Scale bars (shown in/): a-f 50 /tm; (shown in i): g, i, 100 >im; (shown in/): h, j 30 pm 
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Figure s. H 1S tochemistry for TMP (a-d), IB4 labeling (e-A), and CGRP immunofluorescence («) in dorsal root ganglia of control animals fe ft i) 
animals with unilateral sciatic nerve section (b, f, j), animals with unilateral sciatic nerve section combined with intrathecal GDNF treatment (12 itfi/d) 

£ TMP ^TitZn tl r nCrVC SCCt ^ C ^^ ed Wkh intrathecal NGF treatmcnt (12 «/d) W h, /). Sciatic nerve section causes alos 

of TMP (b) and IB4 (J) labeling, which is prevented by GDNF treatment (c, g) but not by NGF {d, h). In contrast, the loss of CGRP staining caused 
by saatic nerve section (;) is prevented by NGF (/) but not by GDNF (*). Scale bar, 50 U CTRL, Control; AXOT, axotomized % 



was ineffective in restoring the proportion of DRG cell profiles 
expressing TMP activity after axotomy (Fig. 5, Table 2). Soma- 
tostatin is a neuropeptide expressed in a subgroup of trk-less 
DRG cells (Kashiba et al„ 1996); its expression drops after 
axotomy (Table 2). Administration of GDNF at a low dose 
produced a small nonsignificant increase in the number of DRG 
cell profiles expressing somatostatin after axotomy. Intrathecal 
administration of GDNF at a high dose prevented this axotomy- 
induced change (p < 0.05; unpaired / test; compared with axo- 



tomy alone) (Table 2). Intrathecal administration of NGF was 
ineffective in preventing this change (Table 2). 

These effects are in contrast to those seen in the other popu- 
lation of small diameter DRG cells, those that express the trkA 
receptor and the neuropeptide CGRP. CGRP expression in DRG 
cell profiles fell markedly after axotomy, from -40% of cell 
profiles to -25%. Intrathecal application of NGF at a low dose 
could partially prevent this reduction (Table 2). Intrathecal ap- 
plication of NGF at a high dose prevented this reduction (p < 
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Table 2. The percentage of profiles stained for IB4, IMP, CGRP, or SOM in naive animals or after axotomy alone or axotomy in combination with" 
treatment with GDNF (1.2 or 12 fig/d) or NGF (1.2 or 12 /ig/d) 



Naive 



Axotomized 



Axotomized + 
GDNF 1.2 



Axotomized + 
GDNF 12 



Axotomized + 
NGF 1.2 



Axotomized + 
NGF 12 



IB4 41.1 ± 0.7% (7498) 

TMP 36.6 ± 0.7% (5446) 

CGRP 40.3 ± 0.5% (8394) 

SOM 5.4 ± 0.1% (6756) 



19.1 ±1.0% (8400) 
19.6 ±4.7% (8440) 
24.5 ±4.3% (6243) 
2.6 ± 0.26% (5560) 



33.7 ± 0.9% (7664) 
28.7 ± 2.4% (7653) 
19.3 ± 0.6% (8401) 
3.5 ± 0.2% (7983) 



36.0 ± 0.6% (5878) 
38.6 ±0.9% (7751) 
26.8 ±1.3% (6732) 
4.8 ± 0.41% (5569) 



20.7 ±1.7% (6626) 
20.4 ±0.5% (5979) 
34.6 ±0.9% (6331) 
2.0 ± 0.03% (6570) 



22.7 ± 2.7% (5999) 
20.2 ± 0.3% (5657) 

38.8 ± 0.9% (5380) 
2.3 ± 0.1% (5177) 



The numbers in parentheses represent the total number of profiles counted. SOM, Somatostatin. 



0.05; unpaired t test) (Fig. 5, Table 2). Administration of GDNF 
(at a low dose or a high dose) had no significant effect on the 
proportion of DRG cell profiles expressing CGRP after axotomy 
(Fig. 5, Table 2). 

A size analysis was performed to ensure that changes in DRG 
cell profile counts after different interventions did not occur as a 
consequence of alterations in cell size. The mean cell profile size 
in Di/5 ganglia in normal animaiswas 477 ± 28 }xm 2 lji = 4), after 
2 week sciatic axotomy it was 449 ±38 /un 2 (n - 4), and after 
sciatic axotomy and GDNF treatment (12 jtg/d; n,= 3) it was 494 
±33 ftm 2 . There was no significant difference between these 
groups (p > 0.2; unpaired Mest). 

Thus, NGF and GDNF had complementary actions in their 
ability to rescue phenotypic changes in trk- and rion-trk- 
expressing small DRG neurons, respectively. We did not find any 
significant effects of GDNF on the percentage of DRG cells 
expressing IB4 and TMP in the normal DRG (data not shown). 

GDNF reverses a number of axbtomy-induced changes 
within the dorsal horn of the spinal cord 

The alterations seen in DRG cell bodies were also reflected in 
changes within the dorsal horn after axotomy. TMP activity and 
IB4 binding were normally present within lamina Hi of the dorsal 
horn, the same region in which RET immunoreactive terminals 
were present (Fig. 4). After 2 weeks of axotomy, TMP activity 
was virtually absent from the sciatic projection territory of the 
dorsal horn. IB4 binding was also markedly reduced (Figs. 6, la). 
Quantitative image analysis demonstrated that continuous intra- 
thecal administration of GDNF at a low dose had a significant 
effect on TMP activity and IB4 binding after axotomy (p < 0.05; 
unpaired t test; compared with no treatment) (Figs. 6, la). Ad- 
ministration of GDNF at a high dose was more effective and 
could almost completely restore TMP activity and IB4 binding 
levels within the dorsal horn (p < 0.001, unpaired t test, com- 
paring GDNF treatment with axotomy alone; p > 0.2, compared 
with intact) (Figs. 6, la). Administration of NGF at a. low dose 
had no significant effect on IB4 binding after axotomy and pro- 
duced only a slight increase in TMP activity after axotomy (p < 
0.05; unpaired t test; comparing NGF treatment with axotomy 
alone) (Figs. 6, 7a). NGF administration at a high dose had a 
small but significant effect in restoring TMP activity and IB4 
binding (by -10-15%, p < 0.05; unpaired / test comparing NGF 
treatment with axotomy alone) (Figs. 6, la). The effect of NGF on 
TMP activity within the dorsal horn was much less than that of 
GDNF (p < 0.001; comparing GDNF with NGF treatment at 
both high and low doses), 

CGRP immunoreactive terminals are normally present within 
laminae I and II ofthe dorsal horn, the region in which trkA- 
expressing DRG cells terminate (Averill et al., 1995; Molliver et 
al., 1995). After axotomy there was -60% reduction in CGRP 
immunoreactivity within the sciatic termination territory (Fig. 



la) f as determined by image analysis. Intrathecal treatment with 
NGF at either a low or high dose largely prevented this change 
(p < 0.001; unpaired t test; comparing NGF treatment at either 
dose to no treatment) (Fig. la). GDNF treatment at a low dose 
had no significant effect on CGRP levels after axotomy (p > 0.05; 
unpaired / test). GDrlF treatment at a high dose had a small 
("-10%)_but_significant rescue^effectonCGRP- levels (p < 0.05; 
unpaired / test; comparing GDNF treatment to no treatment). 

The cholera toxin B subunit (CTB) binds to the GM1 receptor, 
which is selectively-expressed by myelinated sensory afferentsT 
CTB undergoes transganglionic transport by these afferents and 
so can be used to study A-fiber terminations within the dorsal 
horn of the spinal cord. In normal animals (Fig. 8), CTB-labeled 
terminals were present within lamina I and the deep laminae of 
the spinal cord (laminae III-IV). There were some terminals 
present in lamina Hi but very few labeled fibers were present in 
lamina IIo. Image analysis demonstrated that the ratio of labeling 
in lamina IIo to lamina III was extremely low (0.003 ± 0.0006) 
(Fig. 6b). Two weeks after axotomy, CTB was present throughout 
lamina II, including lamina IIo, and there was also more intense 
labeling within lamina I (Fig. 8). This change is accepted to 
indicate A-fiber sprouting into the superficial laminae (Woolf et 
al., 1992, 1995; Bennett et al., 1996b). There was a significant 
increase in the ratio of labeling within lamina IIo to lamina III (to 
0.631 ± 0.07 after axotomy; p < 0.01; unpaired / test) (Fig. lb). In 
animals that had received a 2 week intrathecal infusion of GDNF 
at a low dose, the A-fiber sprouting within lamina II was largely 
prevented (Fig. 8). Very few CTB-labeled terminals were present 
within lamina IIo. Quantitative image analysis demonstrated that 
the ratio of CTB staining between lamina IIo and lamina III after 
this treatment was 0.016 ± 0.002 (p < 0.01; unpaired / test 
compared with no treatment) (Fig. 7b). Treatment with GDNF at 
the higher dose was even more effective (the ratio of CTB 
staining between lamina IIo and lamina III was 0.007 ± 0.003, 
which was not significantly different from that seen in normal 
intact animals). The difference between untreated and GDNF- 
treated axotomized animals was highly significant (p < 0.001; 
unpaired t test) (Fig. lb). The profuse CTB labeling that nor- 
mally occurs within lamina I after axotomy also appeared to be 
prevented by GDNF treatment. 

Trophic factor effects on electrophysiological 
properties of axotomized C-fibers 

Axotomy produces a conduction velocity slowing in C-fibers; we 
investigated the efficacy of GDNF and NGF in reversing this 
change. The conduction velocity (CV) distribution of C-fibers 
projecting through the normal tibial nerve was unimodal, with a 
mean of 0.86 ± 0.06 m/sec. After two weeks of axotomy, velocity 
was slowed to a mean of 0.68 ± 0.03 m/sec, and this was signifi- 
cant (p < 0.01; unpaired t test). This slowing was also apparent 
as a leftward shift in the cumulative sum plots of C V of units (Fig. 
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Figure d Histochemistry for TMP at the level of L4 
in the dorsal horn of animals with unilateral sciatic 
nerve section (a), animals with unilateral sciatic nerve 
section combined with high (12 /ig/d) (b) and low (1.2 
Ag/d) (c) dose intrathecal GDNF treatment, and ani- 
mals with unilateral sciatic nerve section combined 
with high (12 /xg/d) (d) and low (1.2 /ig/d) (e) dose 
intrathecal NGF. Sciatic nerve section causes a loss of 
TMP in the sciatic termination territory within lamina 
Hi (demonstrated by arrows). GDNF treatment at ei- 
ther dose is effective at preventing this loss (b, c), 
whereas NGF is much less effective at either dose used 
(a\ e). Scale bar, 100 iixn.AxoL, Axotomized. 



9), and this shift was also statistically significant (p < 0.01; 
Kolmogorov-SmirnoV). Intrathecal provision of GDNF, at 12 
Mg/d, throughout the 2 week period of axotomy, partially and 
significandy prevented this slowing (Fig. 9) (p < 0.05; Kolmog- 
orov-Smimov). The slowest conducting C-fibers were especially 



rescued by GDNF. NGF at 12 /xg/d also had a partial and 
significant effect in preventing axotomy-induced slowing (Fig. 9) 
(p < 0.05; Kolmogorov-Smirnov), although in this case C-fibers 
throughout the C V distribution were more equally affected, sug- 
gesting that GDNF and NGF do not affect the same population 
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Figure 7. a, The ratio of the area occupied by IB4, TMP, or CGRP 
stained terminals within lamina II of the dorsal horn of the spinal cord on 
the axotomized side versus the normal side in animals that have under- 
gone axotomy (n = 4) or axotomy in combination with an intrathecal 
infusion of GDNF at a dose of either \2 /xg/d (n « 3) or 12 /xg/d (n = 
4) or NGF at a dose of either 1.2 jig/d (n . « 3) or 12 /tg/d (n = 3). GDNF 
at a dose of 12 jtg/d almost completely prevented the axotomy-induced 
reduction in staining intensity of IB4 and TMP (p < 0.001; unpaired / 
test; comparing GDNF with no treatment after axotomy). The lower dose 
. of GDNF (1.2 /ig/d) also had a significant effect in preventing the 
axotomy-induced reduction in staining intensity of these markers but was 
less effective than the higher dose. The high dose GDNF had a small but 
significant effect in preventing the axotomy-induced reduction in CGRP 
staining (p < 0.05; unpaired t test). NGF could almost completely prevent 
the axotomy-induced reduction in CGRP staining (p < 0.001; unpaired t 
test; comparing NGF with no treatment after axotomy). NGF at 12 jxg/d 
had a small but significant effect on the axotomy-induced reduction in IB4 
and TMP expression (p < 0.05; unpaired / test). 6, The ratio of the area 
occupied by CTB-labeled terminals in lamina II compared with lamina III 
of the dorsal horn in normal (n = 5), axotomized (n = 4), and axotomy 
+ GDNF {Axot GDNF) 1.2 tyfd (n = 3) and 12 jig/d (n = 4) animals. 
Note that there is a significant increase in labeling in lamina II after 
axotomy (p < 0.01; unpaired / test), which is almost completely prevented 
by treatment with GDNF at the higher dose. GDNF treatment at the low 
dose also had a significant effect (p < 0.01 compared with no treatment; 
unpaired t test) but was less effective than the higher dose. 



of afferents. Consistent with this suggestion, intrathecal provision 
of both NGF and GDNF, at 12 yjgld each, produced the greatest 
rescue of C -fiber CV. In fact, in this case neither the CV distri- 
bution nor the mean CV (0.83 ± 0.03 m/sec) differed significantly 
from that seen in intact animals (p > 0.05; Kolmogorov-Smirnov 
and unpaired t test, respectively). Thus, these results provide an 
independent measure of the ability of GDNF and NGF, delivered 
by this route and at this dose, to produce a near-complete reversal 
of axotomy effects in C-fibers. 

DISCUSSION 

The principal conclusion of this work is that GDNF is a trophic 
factor for a substantial subgroup of adult primary sensory neurons 
that are neurotrophin independent This conclusion is based on 
two lines of investigation: the localization of receptor compo- 
nents and the selective rescue effects of exogenous GDNF on 
axotomized sensory neurons, as discussed below. 

GDNF receptor c omponent expression .within 
sensory neurons 

The signal transducing domain of the GDNF receptor RET was 
found to be present in 60-70% ofDRG cell profiles. GFRa-1 and 
GFRa-2, the ligand binding domains for GDNF and neurturin, 
had a more restricted distribution (they were expressed in 45 and 
33% of DRG cell profiles, respectively). GDNF receptor compo- 
nents were strikingly expressed by the IB4 binding, trk-less pop- 
ulation of DRG cells. Almost all IB4 cells express RET. Approx- 
imately 50% of IB4 cells also express GFRd-1. This implies that 
50% of IB4 cells coexpress both receptor components and are 
therefore likely to be highly sensitive to GDNF. The other 50% 
of the IB4 cells express RET, apparently in the absence of 
GFRa-1. GDNF has been reported by some authors to be able to 
activate RET in the absence of GFRa-1 and also to be able to act 
via the related neurturin receptor component GFRa-2 (Baloh et 
al, 1997; Buj-Bello et at, 1997; Klein et al, 1997; Sanicola et at, 
1997). We found that this receptor component was also highly 
localized within the IB4-binding population of DRG cells. In 
some cells it was coexpressed with GFRa-1 and in others it was 
expressed independently of GFRa-1. The majority (80%) of 
IB4-binding DRG cells expressed either one or both ligand 
binding components. Therefore GDNF may be able to act on a 
larger population of IB4 cells than just those that express 
GFRa-1. These findings also suggest that a proportion of the 
IB4-binding population of DRG cells are likely to be responsive 
to neurturin. RET immunoreactive terminals were found to 
project principally to lamina Hi of the dorsal horn of the spinal 
cord, the same lamina in which the IB4-binding DRG cells 
terminate. In contrast to the I B4 cells, the other population of 
small diameter DRG cells (those that express trkA) generally lack 
RET, GFRa-1, and GFRd-2. Any coexpression is largely ac- 
counted for by the known overlap between trkA and IB4 (18% of 
trkA cells also bind IB4) (Averill et al., 1995). A significant 
number of large diameter DRG cells (as revealed by staining with 
N52) express GFRa-1 or RET or both, suggesting that these cells 
may also be responsive to GDNF. 

Neuroprotective effects of GDNF on sensory neurons 

The receptor localization data discussed above shows that a large 
proportion of the "neurotrophin-independent" population of 
small diameter DRG cells express receptor components for 
GDNF. Markers that can be used to define this population 
include binding of the lectin IB4 and the enzyme TMP. A small 
subset of these cells also expresses the neuropeptide somatosta- 
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r < T ™ s P ort ° f X CTB . t0 t the dorsaI hom of the s P inal 001(1 at the Iwcl of L3 (a-c), L4 (<*-/), and L5 (g-t) after sciatic nerve label in control 
£ !S!?iSx to * 5)f 311,111 VC under fi° ne axotomy (AXOT) (b, e, h), and animals that have undergone axotomy combined with GDNF 

u / ft t ifrf^ trcatmcnt ( 12 ^ d ) fe/ 0* In the normal animal, CTB-labeled terminals are present in lamina I and the deeper laminae of the dorsal 
horn (III-IV) but are excluded from lamina- II (a, d, g). After axotomy, CTB-labeled terminals appear in lamina II (denoted by asterisks), and there is 
also more dense labeling of axon bundles within lamina I (arrows in b, e, h). These axotomy-related changes are prevented by treatment with GDNF 
where the CTB labeling pattern appears the same as control, and this is seen consistently throughout L3-L5 (c, / i). Scale bar, 100 jnn. 



tin. In this study we directly examined whether the IB4-binding 
population of sensory neurons would be responsive to GDNF (as 
compared with NGF) after axotomy. Intrathecal delivery was 
used, which we have previously demonstrated to be effective at 
delivering trophic factors to sensory neurons (Bennett et al., 
1996b; Michael et al, 1997). 

After axotomy we found that at both doses used, GDNF was 
much more effective than NGF at restoring IB4 binding, TMP 
staining, and somatostatin expression within both the DRG and 
the dorsal horn of the spinal cord. Conversely, NGF was much 
more effective than GDNF at restoring CGRP expression within 
the DRG and dorsal horn after axotomy. These findings comple- 
ment those on receptor distribution. NGF has selective effects on 
the CGRP-expressing population of DRG cells, whereas con- 
versely, GDNF has selective actions on the IB4-binding (i.e., 
neurotrophin-independent) population of cells. The known over- 
lap between these markers (Averill et al., 1995) probably accounts 
for the limited nonselective effects seen. Our electrophysiological 
results provide an independent means of assessing the trophic 
effects of GDNF and NGF on small diameter DRG cells (C- 
fibers). GDNF and NGF appeared to prevent conduction velocity 
slowing after axotomy in distinct populations of C-fibers, and 



importantly, the actions of these factors when administered to- 
gether were additive. We have shown previously that conduction 
velocity slowing in large sensory neurons, induced by axotomy, is 
only marginally affected by intrathecal GDNF treatment (Mun- 
son and McMahon, 1997). 

We have also demonstrated that GDNF could prevent the 
axotomy-induced A-fiber sprouting into lamina II of the dorsal 
horn. This may represent a direct effect of GDNF on large DRG 
neurons or it may occur as a consequence of the rescue effect of 
GDNF on IB4-binding small diameter DRG cells. There is now 
a body of evidence suggesting that degenerative atrophy of 
C-fiber terminals within lamina II after axotomy (Knyihar-Csillik 
et al., 1987) is critically important for A-fibers sprouting into this 
region. This evidence derives from the fact that C-fibers in the 
sciatic nerve have a more restricted mediolateral and rostrocaudal 
distribution than sciatic A-fibers, and the sprouting of A-fibers 
occurs only in the termination region of axotomized C-fibers 
(Woolf et al., 1995). Furthermore, capsaicin, which selectively 
damages C-fibers, can induce A-fiber sprouting (Mannion et al., 
1996). We have shown previously that NGF can prevent A-fiber 
sprouting (Bennett et al., 1996b), and the demonstration here that 
GDNF is also effective is likely to represent the "rescue" of the 



t 



3070 J. NeuroscL, April 15, 1998, Jfl(8):3059-3072 



Bennett et al. • GDNF Is Trophic for IB4-Binding ORG Cells 




Conduction Velocity (m/sec) 

Figure 9. The conduction velocity (C V) of C-fibers projecting through 
the tibial nerve was measured by stimulation of that nerve electrically and 
. recording and averaging activity in fine strands of the L5 dorsal root, a 
shows a representative recording from an animal in which the tibial nerve 
had been cut and tied 2 weeks previously, the animal was treated contin- 
uously with intrathecal GDNF and NGF (each at 12 /ig/d). Arrows show 
examples of individual C -fiber potentials occurring in response to the 
stimulation, b, Cumulative sum plots showing the average C V distribu- 
tions constructed from groups of animals receiving different treatment 
(n = 3-5 animals per group). Error bars show SEM. Note that axotomy 
results in a significant slowing of C-fibers (seen as a leftward shift in the 
Qsum plots), and both NGF and GDNF partially prevent this slowing. 

IB4-binding population of small diameter afferents after axo- 
tomy. These results are interesting in that, as we have demon- 
strated here, NGF and GDNF support largely separate popula- 
tions of C-fibers and yet either can prevent the sprouting response 
after axotomy. 

Functional implications of GDNF effects 

Our data indicate that GDNF has a potent and selective effect 
on the IB4-binding population of DRG cells, and similar 
selectivity has recently been observed in vitro (Molliver et al., 
1997; Leclere et al., 1998). The IB4 population of primary 
afferents are primarily small in diameter. Given that 80-90% 
of C-fibers are nociceptors (Lynn and Carpenter, 1982; Kress 
et al., 1992), IB4-binding DRG cells must be principally noci- 
ceptive in- function (Willis and Coggeshall, 1991). These neu- 
rons are capsaicin sensitive (Fitzgerald, 1983) and possess free 
nerve endings in various tissues, including skin, muscle, joint, 
and viscera. It has recently been shown that this group of 
sensory neurons selectively expresses the purinergic receptor 
P2X 3 (Vulchanova et al., 1996). This receptor is thought to be 
important in mediating the nociceptive actions of ATP (Cook 
et al., 1997), The, sensitivity of this population to GDNF 
suggests that this factor may be important in the development 
and maintenance of pain-signaling systems. 

One important question is whether GDNF is normally re- 
quired for the phenotypic maintenance of the IB4 population of 



DR 9 or whether the rescue effects on these cells reflect a 
purely pharmacological action. GDNF is produced by peripheral 
targets (Trupp et al., 1995) and may normally be available to these 
afferents. It is unknown, as yet, whether neurturin also has actions 
on the IB4-binding population of DRG cells. 

It is interesting that the IB4-binding population of DRG cells 
develops such -marked sensitivity to GDNF during postnatal 
development. During embryonic development these neurons are 
dependent for survival on NGF and, are absent in animals that 
lack trkA (Silos-Santiago et al, 1995). The developmental regu- 
lation of RET has beeri studied by Molliver et al. (1997) in the 
mouse. RET was only clearly seen in DRG cells from embryonic 
day 15. Expression increased in IB4 cells during the late embry- 
onic and early postnatal period and reached, the adult levels by 
approximately postnatal day 7. At the time RET is reaching its 
peak, the same neurons downregulate trkA and lose their NGF 
sensitivity (Bennett et al., 1996a; Molliver and Snider, 1997). 
Molliver ei ai. (1997) ajsd reported a pattern of GFRLa-lTRET 
distribution similar to what we report here. 

N %®lSff iy ma y "SffiS-JS abnormalities^ of sensation^.and 
imrx)rtantly the generation of a chronic pain state in both animals 
and man. One important mechanism for these changes is the 
impaired retrograde transport of trophic factors after nerve in- 
jury (McMahon and Bennett, 1997). As a consequence of nerve 
injury, there is a large upregulation of GDNF 1 expression within 
the damaged nerve (Trupp et al.', 1995), as has been shown 
previously for NGF (Lindholm et al, 1987). Expression of 
GFRa-1 has also been reported to increase in injured nerves 
(Baloh et al, 1997; Trupp et al., 1997), and this may act to present 
GDNF to regenerating neurons. Our results imply that the up- 
regulation of GDNF expression in damaged nerves is not suffi- 
cient to prevent axotomy-induced changes. 

The restitution of IB4 binding, TMP activity, and somatostatin 
expression by GDNF after axotomy may indicate a general ben- 
eficial action of GDNF in normalizing the properties of damaged 
sensory neurons. These anatomical findings were supported by 
the evidence that GDNF can partially prevent the conduction 
velocity slowing that occurs in a population of C-fibers after 
axotomy. The A-fiber sprouting that occurs after axotomy has 
previously been implicated in the generation of some aspects of 
neuropathic pain. The suggestion is that when the large diameter, 
low-threshold mechanoreceptive A-fibers form synapses in lam- 
ina II with presumed pain-signaling postsynaptic dorsal horn 
systems, this provides an explanation for the condition of allo- 
dynia, or touch-evoked pain, that is frequently seen in neuro- 
pathic pain patients (Woolf et al, 1992). 

Behavioral data suggest that GDNF can exert trophic effects on 
IB4 binding nociceptive afferents without altering their responses 
to acute noxious thermal and mechanical stimuli (D. L. H. Ben- 
nett and S. B. McMahon, unpublished observations). This is in 
marked contrast to the actions of NGF, which acts on the other 
major group of nociceptors, those expressing trkA. NGF acutely 
or chronically administered to animals and man can produce pain 
and hyperalgesia (Lewin et al, 1993; Petty et al, 1994; WooJf et 
al, 1994; Andreev et al, 1995). Because many forms of neurop- 
athy in man affect small diameter nociceptive afferents, our re- 
sults suggest that GDNF may be of some use in the treatment of 
these conditions. In particular, we would predict that GDNF may 
add to, rather than simply substitute for, the effects of NGF in the 
treatment of neuropathies. 
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with B set at regular intervals (A9 ~ 10°) of the 
rotation angle 6, we obtain a full spatial profile 
of I^QDfe £y) I 2 - This represents the projec- 
tion in k space of the probability density of a 
given electronic state confined in the QD. 

The model provides a simple explanation 
of the magnetic field dependence of the res- 
onant current features e x to e 7 . In particular, 
the forbidden nature of the tunneling transi- 
tion associated with e 4 and e 5 at B = 0 T is 
due to the odd parity of the final state wave 
function, which corresponds to the first ex- 
cited state of a QD. 

Figure 3 A shows the spatial form of G(B) ~ 
I ^*qd(*v> k r) 1 2 , in the plane (k^ k y ) for the three 
representative QD states corresponding to the 
-peaks e 4 , and e 7 . The measured values of 
G(B) for two directions of B, parallel and anti- 
paimlei io the [Oi i] axis, are shown (Fig. 3B). 
The contour plots reveal the characteristic form 
of the probability density distribution of a 
ground state orbital and the characteristic lobes 
of the higher energy states of the QD. The 
electron wave function has a biaxial symmetry 
in the growth plane, with axes corresponding 
quite closely (within measurement error of 10°) 
to the main crystallographic directions [Oil] and 
[233]. In particular, detailed examination of the 
data reveals that the projected probability den- 
sity of the ground state has an elliptical form, 
with'the major axis along the [Oil] directioa 

Although our- measurements reveal detailed 
information about the symmetry of the QD 
wave functions with respect to the in-plane 
coordinates, they give us no information about 
the z dependence. This is directly related to the 
morphology of the QDs. In general, the dot 
height is much smaller than the dimensions of 
the base (1). Therefore, the quantization energy 
of confinement along z is much higher than that 
for in-plane motion. Our discussion of the mag- 
netotunneling data has made two important and 
reasonable assumptions. The first is that the 
motion along z is separable from the in-plane 
motion. This approximation allows us to label 
the QD state using the quantum numbers n x and 
7*2 for the in-plane motion and n 3 for motion 
along z. Our second assumption is that all of the 
observed peaks involve final (QD) states that 
share the same type of quantum confinement 
along z, i.e., have the same value of /i 3 (= 0). 

In recent years, several different approaches 
have been used to calculate the eigenstates of 
QDs. They include perturbation effective mass 
approaches (/), eight-band k-p theory (70, 22, 
23), and empirical pseudopotential models 
(24). Calculations generally depict the form of 
the wave functions as plots of the probability 
density in real space, l^ QD (r)| 2 . A tunnel cur- 
rent measurement can provide no information 
about the phase of me wave function, but, in 
general, the phase of ^ QD (r) is easily obtained 
from a model calculation. Once the phase factor 
is known, it is a straightforward task for theo- 
reticians to Fourier transform the calculations of 



the wave function into k space. A direct com- 
parison could then be made with our spatial 
maps. 

Our technique has allowed us to observe 
successive features in I(V) corresponding 
to resonant tunneling through a limited 
number of discrete states whose wave func- 
tions display the symmetry of the ground 
state and first and second excited states of 
QDs. However, the simple device configu- 
ration . does not permit us to determine 
whether, an excited state peak and a ground 
state peak correspond to the same QD. This 
question could be resolved by experiments 
on structures with electrostatic gates (18). 

Despite the large number of QDs in our 
sample (10 6 to 10 7 for a lOO-jim-diameter 
mesa), we observed only a small number of 
resonant peaks over the bias range (—100 
m V ) close to the threshold for current flow. 
This behavior has been reported in earlier 
studies (13-18) and, although not fully un- 
derstood, is probably related to the limited 
number of conducting channels in the emit- 
ter that can transmit electrons from the 
doping layer to the QDs at low bias. There 
is no reason to believe that the dots studied 
are atypical of the distribution as a whole. 

Magnetotunneling spectroscopy provides 
lis with a means of probing the spatial form of 
the wave functions of electrons confined in 
zero-dimensional QDs. The technique is both 
noninvasive and nondestructive and allows us 
to probe spatially quantum states that are 
buried hundreds of nanometers below the 
surface. 



The neurotrophic factor GDNF promotes sur- 
vival of a subgroup of developing sensory 
neurons .(/). In adult animals, approximately 
60% of dorsal root ganglion neurons normal- 
ly express receptor components for GDNF (2, 
5), and this factor promotes neurite out- 
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growth in vitro and regeneration in vivo of 
both large- and small-caliber sensory neurons 
(4, 5). GDNF is known to have neuroprotec- 
tive effects on damaged adult sensory neu- 
rons, including the reversal of axotomy-in- 
duced changes in gene expression (2, 6, 7). 



Potent Analgesic Effects ®f 
GDNF In f^eyropatiiie Pain 
States 

Timothy J. Boucher, 1 Kenji Okuse, 2 David L H. Bennett, 10 
John B. Munson, 1 John N. Wood, 2 Stephen B. McMahon 1 f 

Neuropathic pain arises as a debilitating consequence of nerve injury. The 
etiology of such pain is poorly understood, and existing treatment is largely 
ineffective. We demonstrate here that glial cell line-derived neurotrophic 
factor (GDNF) both prevented and reversed sensory abnormalities that devel- 
oped in neuropathic pain models, without affecting pain-related behavior in 
normal animals. GDNF reduces ectopic discharges within sensory neurons after 
nerve injury. This may arise as a consequence of the reversal by GDNF of the 
injury-induced plasticity of several sodium channel subunits. Together these 
findings provide a rational basis for the use of GDNF as a therapeutic treatment 
for neuropathic pain states. 
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One of the most important functional conse- 
quences of peripheral nerve damage is the 
emergence of neuropathic pain. Such pains 
are often intense, persistent, and refractory to 
existing analgesic therapy. Here, we have 
examined the ability of GDNF to reverse the 
sensory abnormalities found in animal mod- 
els of neuropathic pain and have studied pu- 
tative mechanisms of action. 

Adult rats received a partial ligation of 
one sciatic nerve (8) and continuous concur- 
rent intrathecal infusion of GDNF or vehicle 
(P). Ipsilateral paw sensitivity to mechanical 
and thermal stimuli was assessed. Vehicle- 
treated animals developed significant me- 
chanical and thermal hyperalgesia (drop of 
flexion-withdrawal thresholds from 12.1 ± 1 
to 2.2 ± 0.3 g, noxious heat-induced paw 
withdrawal latency from 11. 9 ± 0.5 to 7.4 ± 
0.5 s, P < 0.01; Fig. 1A). These changes 
were seen wjtiun 2 days, persisting through- 
out the 15-day observation period (8). With 
GDNF treatment, neither mechanical nor 
thermal hyperalgesia developed (no change 
in threshold from baseline values at any time 
after surgery, P > 0.1; Fig. 1A). In a second 
model, animals received a fifth lumbar (L5) 
spinal nerve ligation [modified from (10)] 
with intrathecal GDNF or vehicle as before 
(P). Vehicle-treated animals developed pro- 
found hyperalgesia (P < 0.01); infusion of 
GDNF prevented any significant changes 
from preoperative baselines (Fig. IB). Iden- 
tical treatment with biologically active doses 
of nerve growth factor (NGF) or the neuro- 
trophin NT-3 (5, 11) had no effect on the 
emergence or degree of sensory abnormality 
(Fig. IB). 

We then started GDNF. treatment 2 days 
after spinal nerve ligation. Mechanical and 
thermal hyperalgesia developed within 2 days 
(drop from 12.7 ± 1.5 to 3. ± 0.6 g, 11.4 ± 
0.3 to 9. T ± 0.5 s, P < 0.01; Fig. 1C). These 
persisted in vehicle-treated animals (P < 
0.01) but were reversed by GDNF treatment, 
after which thresholds reverted to normal lev- 
els (P > 0. 1). Hyperalgesia reemerged within 
3 days of cessation of GDNF infusion (P < 

0. 01). Identical chronic administration of 
GDNF to normal animals led to no change in 
responses to noxious thermal or mechanical 
stimuli; withdrawal thresholds did not signif- 
icantly vary from baseline values (13 ± 1 g, 
13 ± 0.5 s; P > 0.1). Acute peripheral treat- 
ment with GDNF (plantar injections of 0.1, 

1, and 10 u,g) did not affect pain-related 
behavior; thermal withdrawal thresholds did 
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not significantly differ from baseline values 
when tested 0, 2, 4, 6, and 24 hours after 
injection (P > 0.5). 

A critical and necessary event for neuro- 
pathic pain is the development of spontane- 
ous activity following nerve damage (12). 
This activity arises from damaged neurons 
themselves and from those whose axons are 
intact but comingle in peripheral nerves along 
with degenerating axons [(75), see (14)]. 
Therefore, we studied ectopic activity in bom 
L5 and L4 DRG neurons after spinal nerve 
ligation of L5 alone and tested the effects of 
GDNF treatment (IS). In the L5 dorsal root 3 
and 7 days after this injury, 31 ± 3 and 19 ± 
2% of damaged myelinated sensory fibers 
exhibited spontaneous activity, compared 
wi* esse ntially zero in the acutely„cut_nerye 
(1237 myelinated units sampled; Fig. 2 A). 
Mean spontaneous activity was 23 ± 2 spikes 
per second No spontaneous activity was seen 
in C fibers at these time points (0/197 units). 
With GDNF treatment, fewer fibers exhibited 
spontaneous discharges (18 ± 1 and 1 1 ± 1% 
at 3 and 7 days, respectively; P < 0.01, 
ANOVA), and these units discharged less 



A 



frequently (14 ± 2 spikes per second; P < 
0.05, t test). Thus, the afferent barrage enter- 
ing the cord was greatly reduced (from 6.7 ± 
0.7 to 2.5 ± 0.4 impulses per second per 
myelinated fiber; P < 0.01, r test, Fig. 2B). 
Using spike-triggered averaging, we found 
that spontaneously active units were among 
the slower conducting A fibers (Fig. 3B). 
GDNF selectively prevented ectopic activity 
in the slowest of these (P < 0.05, Kolmog- 
orov-Smirnov test). 

Qualitatively similar changes were seen in 
the L4 dorsal root after L5 spinal nerve liga- 
tion, with 14 ± 2% of myelinated sensory 
fibers exhibiting spontaneous activity (270 
units sampled), averaging 16 ± 2 spikes per 
second With GDNF treatment, fewer L4 fi- 
bers exhibited ectopic discharges (3 £ 2%; P 
< 0.01, t test), and the afferent barrage was 
reduced from 2.5 ± 0.5 to 0.7 ± 0.5 impulses 
per second per-myelinated fiber (P <- 0:03, r 
test; Fig. 2B). The conduction velocity of 
spontaneously active units in L4 was not 
significantly different from that of silent 
units, suggesting that most were low-thresh- 
old mechanoreceptors (P > 0.1, t test; Fig. 
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Fig. 1. Nociceptive responses of animals subjected to either partial sciatic ligation (PSL) or L5 spinal 
nerve ligation (SNL) combined with trophic factor treatment Mechanical (upper) and thermal 
(lower) thresholds were tested. (A) PSL results in mechanical and thermal hyperalgesia in vehicle- 
treated animals (open circles). GDNF prevented the development of these sensory abnormalities 
(filled triangles). (B) L5 SNL also results in mechanical and thermal hyperalgesia. Intrathecal GDNF, 
but not NGF (open squares). NT-3 (filled circles), or vehicle prevented this. (C) Delayed infusion of 
GDNF but not saline reverses the sensory abnormalities established by a previous L5 SNL The 
cessation of GDNF infusion results in the reemergence of hyperalgesia. Asterisks denote significant 
difference between vehicle- and GDNF-treated animals on each testing day (mean ± SEM ■ see text 
for details). Filled squares denote pretreatment thresholds. 
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3 A). GDNF prevented ectopic activity across 
this range of conduction velocities (distribu- 
tion of saline and GDNF-treated units not 
significantly different, P > 0.05, Kolmog- 
orov-Smirnov). No spontaneous activity was 
seen in C fibers in L4. 

Ectopic activity in damaged nerves can be 
blocked with low concentrations of tetrodo- 
toxin (TTX), suggesting a role for TTX- 
sensitive sodium channels in this event'(/6'). 
Nerve damage induces novel, rapidly reprim- 
ing sodium-channel activity (77). Concomi- 
tantly, transcripts encoding the type III em- 
bryonic sodium channel are up-regulated, and 
the two TTX-resistant channels in DRG neu- 
rons, SNS and NaN, are down-regulated (IS). 
We examined the transcript levels of SNS, 
NaN, and the type III channel in the L4 and 
L5 DRG after L5 spinal nerve ligation using 
reverse transcriptase-polymerase chain reac- 
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Fig. 2. GDNF reduces ectopic discharges in L4 
and L5 sensory neurons following L5 spinal 
nerve ligation. (Top) Spontaneously active 
units were recorded from fine strands of the L4 
or L5 dorsal root (circled 1) (example inset), 
and the total number of units in each strand 
was calculated by stimulating the whole root 
(drded 2). For L4 recordings the L4 spinal nerve 
was acutely cut 10 mm distal to the DRG. (A) 
L5 spinal nerve ligation induces spontaneous 
activity in many L4 and L5 myelinated affer- 
ents. This effect is markedly reduced by intra- 
thecal GDNF treatment (B) GDNF reduces the 
proportion and firing, frequency of ectopically 
discharging units, thereby dramatically de- 
creasing the total afferent barrage entering the 
spinal cord. Asterisks denote significant differ- 
ence between vehicle-, and GDNF-treated ani- 
mals (mean ± SEM; see text for details). 



tion (RT-PCR) (19). In L5, expression of the 
type III channel was increased, and SNS and 
NaN transcripts were decreased after this in- 
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Fig. 3. The conduction velocity of spontaneous- 
ly active sensory neurons after L5 spinat nerve 
ligation was estimated by spike-triggered aver- 
aging (Top) A spontaneously active unit in the 
dorsal root (circled 1) triggered a retrospective 
. averaged recording in the appropriate whole 
root (circled 2). The conduction velocity of 
silent afferents was calculated from the stimu- 
lation experiments shown in Fig. 2. For L4 sen- 
sory neurons (A) ; ectopic firing is seen in units 
with a wide range of conduction velocities, and 
the whole of this range appears to be affected 
by GDNF treatment For L5 sensory neurons 
(B), spontaneously active units are a slower 
subset of myelinated fibers, and GDNF treat- 
ment selectively affects the slowest of these. 
These slower conducting afferents may have 
been erstwhile myelinated nociceptors, or fi- 
bers representative of the whole population of 
myelinated afferents but particularly slowed 
following axotomy. 



jury (Fig. 4A). By using PCR conditions in die 
linear range (19), densitometric analysis of 
band intensity showed an increase in type III 
expression (26 ± 6 to 180 ± 21, arbitrary units) 
and decreases in SNS and NaN expression 
(146 ± 12 to 58 ± 8 and 180 ± 8 to 100 ± 23 
respectively; P < 0.05, ANOVA; Fig. 4B). The 
only significant change in the L4 DRG 7 days 
after L5 spinal nerve ligation was an increase in 
SNS expression (185 ± 5 to 307 ± 2, arbitrary 
units; P < 0.001, ANOVA). GDNF treatment 
suppressed expression of the type EI channel 
and partially restored SNS. and NaN levels in 
L5 (mean band intensities 54 ± 12, 117 ± 12, 
137 ± 33 respectively; not significantly differ- 
ent from naive, P > 0.1, ANOVA), but had no 
effect on the subunits measured in L4. Changes 
in J " l iXriTesistant.charineb are therefore poorly 
correlated with ectopic activity and neuropathic 
pain behavior. Plasticity of type EH expression 
in damaged afferents is consistent wiui a sig- 
nificant role for it in the pathogenesis of neu- 
ropathic pain (20). The lack of significant 
changes in L4 may reflect the lower incidence 
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Fig. 4. Altered expression of sensory neuron 
sodium channel a subunits after L5 spinal nerve 
ligation: effects of GDNF treatment RT-PCR 
analysis of L5 DRG RNA extracts from naive 
and nerve-injured rats treated with GDNF or 
vehicle. RT-PCR reactions using primer pairs for 
type III, NaN, cydophilin, and SNS were added 
to the reaction mixture (79). (A) Nerve injury 
up-regutates type 111 and down-regulates NaN 
and SNS; treatment with GDNF prevents the 
novel expression of the type III channel and 
partially restores SNS and NaN transcripts. (B) 
Densitometric analysis of band intensity across 
each experimental group. Asterisks denote sig- 
nificant difference from naive; P < 0.05, 
ANOVA. 
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of ectopic activity in these neurons and/or other 
contributory mechanisms. 

The nerve damage that precipitates neuro- 
pathic pain leads to many changes in sensory 
neurons, including alterations in putative 
neurotransmitters/modulators, receptors, ion 
channels, structural proteins, and anatomic 
terniinations (21). The relative contributions 
of these reactive changes are currently un- 
known, especially the role of small-caliber 
nociceptive neurons or large-caliber mech- 
anosensitive afferents (22). There is conflict- 
ing evidence regarding the role of nocicep- 
tors. Antisense treatment against SNS (nor- 
mally expressed in nociceptors) reduces neu- 
ropathic pain behavior (23). However, few 
unmyelinated afferents discharge ectopically in 
neuropathic models (24), and mechanical hy- 
peralgesia is unaffected by the C fiber toxin 
RTX (2 5). We have also found that the devel- 
opment of neuropathic pain behaviqrjs unaf- 
fected in null mutant mice lacking the SNS 
channel (26). In contrast, the data here and in 
the literature support a pivotal role for myelin- 
ated afferents in the generation of neuropathic 
pain: animal models show that an essential 
drive for abnormal pain sensitivity is the gen- 
eration of ectopic activity in damaged sensory 
neurons (12, 27), arising almost exclusively in 
myelinated neurons; in human neuropathic pain 
states, activation of large Ap afferents is capa- 
ble of inducing pain (28); selective lesions of 
large myelinated afferents reduce neuropathic 
pain behavior in animals (29). 

The ectopic activity that arises in neuropath- 
ic conditions is TTX-sensitive. Only the expres- 
sion of the TTX-sensitive type III a subunit is 
known to increase following nerve injury (20), 
and we show here that GDNF prevents this. It is 
unclear whether GDNF acts tonically to repress 
type III expression under normal circumstanc- 
es. As GDNF treatment does not affect pain- 
related behavior in normal animals, the analge- 
sic actions reported here are unlikely to repre- 
sent general effects on pain signaling systems. 
However, as GDNF regulates the expression of 
a variety of genes in both large- and small- 
caliber sensory neurons, including some func- 
tionally relevant for nociceptive behavior 
[P2X3 and VR1 (6, 7)], effects other than those 
on the type III sodium channel may contribute 
to its analgesic actions. This question can only 
be definitively addressed with specific, type III 
channel blockers, which have yet to be devel- 
oped. However, the data presented here provide 
a rational basis for, and demonstrate the effica- 
cy of, GDNF in the treatment of neuropathic 
pain. 
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Interactions between the T cell receptor (TCR) and major histocompatibility 
complex antigens are essential for the survival and homeostasis of peripheral 
T lymphocytes. However, little is known about the TCR signaling events that 
result from these interactions. The peripheral T cell pool of p56 lck (lck)-defi- 
cient mice was reconstituted by the expression of an inducible Ick transgene. 
Continued survival of peripheral naive T cells was observed for long periods after 
switching off the transgene. Adoptive transfer of T cells from these mice into 
T lymphopoienic hosts confirmed that T cell survival was independent of Ick but 
revealed its essential role in TCR-driven homeostatic proliferation of naive T 
cells in response to the T cell- deficient host environment. These data suggest 
that survival and homeostatic expansion depend on different signals. 



Despite environmental antigenic stimulation and 
thymic production, the size of the peripheral T 
cell pool is maintained at a remarkably constant 
level (/). In common with cells of other tissues, 
T cells require specific signals in order to sur- 
vive. In contrast to memory T cells (2-4), naive 
T cells require interactions of the TCR with self 
major histocompatibility complex (MHQ anti- 
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gens for their prolonged survival (5-10). Fur- 
thermore, T cells also have the capacity to pro- 
liferate under T lymphopoienic conditions, and 
for naive T cells this too requires recognition of 
self MHC antigens (8, 11-13). However, less is 
known about the TCR signals that govern these 
processes. The src family protein tyrosine kinase 
p56 fck (Ick) is involved in the most proximal 
phosphorylation events during TCR signaling 
and plays crucial roles at multiple points in T 
cell development (14, IS). It seemed likely, 
therefore, that Ick would play a critical role in 
the transduction of survival and homeostatic 
signals through the TCR. 

To evaluate the role of Ick in T cell ho- 
meostasis, we produced mice that express Ick in 
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P etrusk a, Jeffrey C, Jintan a Napaporn, Richar d D. Johns on, 
Jianguo G. Gu, and Brian Y. Cooper. Subclassified acutely disso- 
ciated cells of rat DRG: histochemistry and patterns of capsaicin-, 
proton-, and ATP-activated cunente.__J NeurophysioJ 84: 2365^-2379, 
2000. We used a "current signature" method to subclassify acutely 
dissociated dorsal root ganglion (DRG) cells into nine subgroups. 
Cells subclassified by current signature had uniform properties. The 
type 1 cell had moderate capsaicin sensitivity (25.9 pA/pF), powerful, 
slowly desensitizing (t = 2,300 ms), ATP-activated current (13.3 
pA/pF), and small nondesensitizing responses to acidic solutions (5.6 
pA/pF). Type 1 cells expressed calcitonin gene-related peptide im- 
munoreactivity (CGRP-IR), manifested a wide action potential (7.3 
ms), long duration afterhyperpolarization (57.0 ms), and were IB4 
positive. The type 2 cell exhibited large capsaicin activated currents 
(134.9 pA/pF) but weak nondesensitizing responses to protons (15.3 
pA/pF). Currents activated by ATP and a/3-m-ATP (51.7 and 44.6 
pA/pF, respectively) had fast desensitization kinetics (t = 214 ms) 
that were distinct from all other cell types. Type 2 cells were IB4 
positive but did not contain either substance P (SP) or CGRP-IR. 
Similar to capsaicin-sensitive nociceptors in vivo, the afterhyperpo- 
larization of the type 2 cell was prolonged (54.7 ms). The type 3 cell 
expressed, amiloride-sensitive, rapidly desensitizing (r = 683 ms) 
proton-activated currents (127.0 pA/pF), and was insensitive to ATP 
or capsaicin. The type 3 cell was IB4 negative and contained neither 
CGRP nor SP-IR. The afterhyperpolarization (17.5 ms) suggested 
nonnociceptive function. The type 4 ceil had powerful ATP-activated 
currents (17.4 pA/pF) with slow desensitization kinetics (t = 2,813 . 
ms). The afterhyperpolarization was prolonged (46.5 ms), suggesting 
that this cell type might belong to a capsaicin insensitive nociceptor 
population. The type 4 cell did not contain peptides. The type 7 cell 
manifested amiloride-sensitive, proton-activated currents (45.8 pA/ 
pF) with very fast desensitization kinetics (t = 255 ms) and was 
further distinct from the type 3 cell by virtue of a nondesensitizing 
amiloride-insensitive component (6.0 pA/pF). Capsaicin and ATP 
sensitivity were relatively weak (4.3 and 2.9 pA/pF, respectively). 
Type 7 cells were IB4 positive and contained both SP and CGRP-IR 
They exhibited an exceptionally long afterhyperpolarization (110 ms) 
that was suggestive of a silent (mechanically insensitive) nociceptor. 
We concluded that presorting of DRG cells by current signatures 
separated them into internally homogenous subpopulations that were 
distinct from other subclassified cell types. 
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INTRODUCTION 

Acute and primary cultures of dorsal root ganglion (DRG) 
cells ; cornmonly \ employed in investigations of sensory 
physiology. Interpretation of the data from such studies is 
confounded by the complexity of the DRG cell population. 
Cells harvested from the DRG could represent more than 25 
functionally diverse afferent populations that are specialized to 
encode a variety of sensory events. Cultured cell bodies for- 
merly gave rise to peripheral processes unique to muscle (an- 
nulospiral, flowerspray, golgi), joint (Ruffini, Pacinian), touch 
(Pacinian, Merkel, Meisner, Ruffini, guard hair, down hair, AS 
and C itch), warmth (C warm), cooling (AS and C cooling), 
and pain (noted below) sensations (Darian-Smith 1984a,b; 
Iggo 1985). While nociceptors are probably the afferents of 
greatest interest, they are composed of highly specialized sub- 
populations. 

Classic sharp electrode and crushed end recordings have 
revealed a diverse and highly specialized nociceptive popula- 
tion, in vivo. A number of functional subtypes have been 
characterized in numerous preparations. Careful characteriza- 
tion of afferent properties have revealed a nociceptor popula- 
tion that includes representatives of Aj3, AS, and C fiber, 
cutaneous, deep, muscle, and visceral nociceptive subgroups 
that express single and multiple transduction capacities in 
various combinations. This diverse nociceptor pool would in- 
clude A/3 high-threshold mechanoreceptors (HTM), AS HTM, 
AS polymodal nociceptors (PMN), AS mechanoheat (MH) 
nociceptors, AS cold nociceptors, C HTM, C PMN, C MH 
nociceptors, C heat nociceptors, C chemonociceptors, and AS 
and C "silent" nociceptors (Belmonte and Giraldez 1981; 
Campbell et al. 1990; Cervero 1994; Cooper and Sessle 1993; 
Mense 1993; Schaible and Grubb 1993; Tanelian and Beuer- 
man 1984). The advantage of being able to study these sub- 
populations in vitro is manifest. However, identification of 
specific nociceptive subgroups in DRG culture with anything 
approaching the detail that is possible with classic in vivo 
methods has proven difficult. 

To distinguish nociceptive from nonnociceptive groups in 
vitro, laboratories have relied on evidence that a number of 
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anatomic and functional properties of nociceptors covary with 
cell size and/or action potential shape (e.g., presence of a 
"hump" or "shoulder"). These criteria have been shown to be 
correlates of thinly myelinated and unmyelinated fiber groups 
that include, the majority of nociceptive subpopulations (Harper 
and Lawson 1985; Yoshida and Matsuda 1979). Cell size and 
action potential shape also correlate well with high-threshold 
mechanoreception (Djouhri et al. 1998; Koerber et al. 1988; 
Ritter and Mendel 1992; Rose et al 1986), a property that is 
present in most nociceptive subgroups (see above). However, 
laboratories working in vitro have relied mainly on a binary, 
pharmacological classification scheme in which nociceptive 
cells are identified a posteriori, according to capsaicin sensi- 
tivity. These schemes, while useful, cannot hope to reveal the 
rich diversity of a nociceptive population that is comprised of 
10 or more distinct phenotypes that include a number of 
important capsaicin insensitive subtypes. 

It is likely that capsaicin sensitivity can identify perhaps four 
subsets of heat-reactive nociceptive ceiis, but it cannot distin- 
guish between them. In vivo, capsaicin activates a large portion 
of the C heat nociceptive, C PMN, and a t lea st half of the C 
MH nociceptive pool (Baumann et al. 1991; Belmonte et al. 
1991; Chen et al. 1997; Szolcsanyi et al. 1988). A portion of 
the A5 MH and A8 silent nociceptor group is also activated 
(Baumann et al. 1991; Meyer et al. 1991; Szolcsanyi et al. 
1988; Treede et al. 1998). Moreover, it is not generally ac- 
knowledged that warm fibers, as well as some A/3 low-thresh- 
old mechanoreceptors, are also capsaicin sensitive (Baumann 
et al. 1991; Szolcsanyi et al. 1988). Therefore the identification 
of nociceptors based solely on capsaicin reactivity will result in 
inclusion of several functional cell types, many of which may 
be nociceptive, but belong to functionally distinct nociceptive 
subclasses, and still others cells (hat are not a part of the pain 
system. In addition, reliance on identification of nociceptive 
populations by capsaicin sensitivity alone will certainly leave 
an important portion of the nociceptive population (AS and C 
high-threshold mechanoreceptors, AS and C mechanocold, AS 
and C silent, C chemosensitive) inaccessible to investigation in 
vitro. 

To identify functional nociceptive DRG subpopulations in 
vitro, it is first necessary to develop criteria that can readily 
classify cells into distinct, but internally homogenous subpopu- 
lations whose properties can be determined and combined 
across a series of experiments. Additional criteria are then 
needed to determine which cells are nociceptive and the spe- 
cific nociceptive subpopulations they represent. 

The work of the Scroggs and Lawson laboratories represent 
two recent, and complementary approaches to cell classifica- 
tion and nociceptor specification (Cardenas et al. 1995; Djouhri 
et al. 1998; Lawson 1996; McCarthy and Lawson 1997). Al- 
though differing in detail, both of these methods are ultimately 
based on the notion that functionally uniform cell populations 
can be identified by their repertoire of voltage-activated cur- 
rents. Due to the great diversity of voltage-activated currents in 
DRG (Dib-Hajj et al. 1998; Gold et al. 1996; Mayer and 
Westbrook 1983; Roy and Narahashi 1992; Tate et al. 1998), 
these techniques have the potential to provide criteria by which 
a large number qf DRG subpopulations might be distinguished. 
Four subpopulations of cells (types 1, 2, 3, and 4) have been 
characterized by Scroggs and associates. These populations are 



internally uniform with respect to reactivity to capsaicin and 
serotonin (Cardenas et al. 1995, 1997a,b). 

Methods developed by the Lawson laboratory complement 
this approach by providing criteria to more completely identify 
nociceptive subgroups. Using sharp electrode recordings and 
traditional characterization methods, Lawson and colleagues 
(Djouhri et al. 1998; Lawson 1996; McCarthy and Lawson 
1997) have shown that the duration of afterhyperpolarization 
distinguishes 1) nociceptive C and AS subgroups from nonno- 
ciceptive Aj3 fibers, 2) nociceptive from nonnociceptive groups 
from within the AS and C fiber categories, and 3) mechanically 
sensitive from mechanically insensitive (silent) nociceptor 
populations. Importantly, these criteria do not rely on capsaicin 
sensitivity, thus permitting capsaicin-insensitive nociceptive 
populations to be revealed. While this technique has been 
shown to work well in vivo, it is not clear that it can be 
successfully applied in vitro. 

In the experiments described below, we used cluster analysis 
to form nine subclasses of cells thatjvere distinguished by 
voltage-activated current signatures. The current signature 
method is an extension of procedures that were first applied to 
DRG cell classification by Scroggs and Cardenas (Cardenas et= 
al. 1995). To determine whether these nine subgroups (clus- 
ters) had predictive validity, we have examined whether each 
subtype was homogenous with respect to histochemical phe- 
notype (binding of the B4 isolectin from Griffonia simplicifolia 
(IB4), immunoreactivity (IR) for substance P (SP) and calci- 
tonin gene-related peptide (CGRP), algesic reactivity (capsa- 
icin, protons, ATP), and action potential features (duration, 
afterhyperpolarization). In the present report, current signa- 
tures of the nine cell clusters and the properties of five of these 
subclassified cell groups are presented in detail. Some of these 
data have been published in abstract form (Cooper et al. 
I999a,b). 

METHODS 

Subjects 

Adult male Sprague-Dawley rats (90-110 g) were anesthetized 
with a combination of xylazine (4 mg/kg) and ketamine (40 mg/kg). 
Following decapitation, the spinal cord was rapidly removed, and the 
dorsal root ganglia were dissected free. All animals were housed in 
American Association for Accreditation of Laboratory Animal Care- 
approved quarters, and all procedures were reviewed and approved by 
the local Institutional Animal Care arid Use Committee. 

Preparation of cells 

Dissected ganglia were placed in a tube containing dispase (neutral 
protease, 5 mg/ml; Boehringer Mannheim) and collagenase (2 mg/ml; 
Sigma type I). The tube was shaken for 60 min in a heated (35°) bath. 
Following wash and trituration, recovered cells were plated on 6-10 
polylysine-coated Petri dishes. Dishes were mounted on a Nikon 
Diaphot inverted microscope or kept in an aerated holding bath for 
later use. AH recordings were completed within 10 h of plating. 

Whole cell patch recording 

Glass pipettes (Scientific Products B4416-1) were prepared (2-4 
Mft) with a Brown and Flaming type horizontal puller (Sutter model 
P87). Whole cell recordings were made with an Axopatch 200B 
(Axon Instruments). Stimuli were controlled and digital records cap- 
tured with pClamp 6.0 software and Digipack 1200b A/D converter 
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(Axon Instruments). Cells with a membrane potential more positive 
than -45 mV or more negative than -70 mV were not accepted. 
Series resistance (RJ was compensated 40-60% with Axopatch 200B 
compensation circuitry. Leak current was assessed repeatedly 
throughout the protocol (average of 8 consecutive steps to -70 mV, 
V h = -60, 10 ms duration). Leak currents were subtracted off-line. 
Cell size (in picofarads) was determined by integration of the aver- 
aged capacitive transient (10 mV step; V h = -60). 

Cell classification protocols 

Cells were preselected according to diameter. Recordings were 
made exclusively from cells with diameters between 16 and 48 um. 
Cell diameter was estimated from the average of the longest and 
shortest axis as measured through an eyepiece micrometer scale. From 
among the smallest diameter cells (16-22 /xm), recordings were made 
only from cells with large nuclei (10-15 ^m). Cells were classified 
according to patterns of voltage-activated currents (current signatures) 
that were revealed by three classification protocols. 7) Classification 
Protocol 1 (CP1) was used to examine the pattern of hyperpolariza- 
tion activated currents. With CP1, currents were evoked by a series of 
hyperpolarizing pulses presented from a V H of -60 mV (10 mV per 
step to a final potential of -110 mV; 500-ms, 4-s interstimulus 
interval). 2) Classification Protocol 2 (CP2) was used to produce 
outward current patterns. From a V H of -60 mV, a 500-ms condi- 
tioning pulse to -100 mV was followed by 200-ms depolarizing 
command steps (20 mV) to a final potential of +40 mV. 3) Classifi- 
cation Protocol 3 (CP3) was used to produce inward current patterns. 
With the cell held at -60 mV, a 500-ms conditioning pulse to -80 
mV was followed by a series of depolarizing command steps (10-mV 
steps, 2.0 ms duration) to a final potential of +10 mV. The three 
protocols are illustrated in Fig. 1 . 

Cluster analysis 

To determine whether cells could be subclassified according to their 
pattern of voltage-activated currents, cluster analysis was performed 
using up to five cluster variates that were derived from inward and 
outward current signatures. Two characteristics were quantified from 
the hyperpolarization test protocol. Hyperpolarization activated cur- 
rents (HAC pA) were assessed as the total inward current measured 
during the last hyperpolarization step (-110 mV). Transient outward 
current (TOC pA) was measured as the peak current in a 500-ms 
window that followed repolarization (-60 mV) from the final hyper- 
polarization step (*- 1 10 mV). Two characteristics were assessed from 
the outward current protocol (CP2). Using the trace evoked by +40 
mV, a curve of the form A! exp[-(/ - k)lr{\ . . . + C (Clampfit 6.0) 



fig. I. Three protocols for cell classifica- 
tion. A: classification protocols ], 2, and 3 
produce current signatures exemplified in 5. B: 
quantification of cluster variates from current 
signatures. Hyperpolarizauon-activated current 
(HAC) was measured as the difference, in pA, 
between the points indicated by the arrows on 
the last trace (-110-mV step). Transient out- 
ward current (TOC), was measured as the peak 
current, in pA (relative to baseline) during the 
500 ms that followed repolarization to -60 
mV. The decay constant was derived from 
single or double exponential fits to the final 
outward current trace (+40 mV). The activa- 
tion threshold of A-current peaks is indicated as 
well (AT). The decay constant t CP3 was de- 
rived from single exponential fits to the inacti- 
vation phase of the 1st complete inward current 
trace. Fits were made between arrowheads. 
When double exponentials were required, the 
fastest component was used. 

was fit to the trace evoked at the strongest depolarization step. The tau 
of decay from single or double exponential fits was used as a clus- 
tering variable (t^ ms). A second clustering variable from the CP2 
protocol was me threshold (mV) of A-current peaks (AT; see Fig. 1). 
A-currents were confirmed by sensitivity to 4-aminopyridine (10 mM; 
n — 5). A fifth clustering variable was derived from the inward current 
protocol (CP3). A curve of the form noted above was fit to the 
declining phase of the first suprathreshold trace of the inward cur- 
rent. The tau of decay was used as a clustering variable (7™ ms; see 
Fig. 1). 

A nonhierarchical cluster analysis (K means analysis; FASTCLUS, 
Statistical Analysis System) was used to determine whether current 
signature variates could identify specific clusters of cells within pop- 
ulations of very small (<22 /un), small (24-32 jutm), and medium 
(35-48 /un) -sized neurons. Because FASTCLUS uses a sequential 
threshold procedure (Hair et al. 1998), clusters were seeded by rep- 
resentative data to avoid order effects. For a stopping rule, the max- 
imum cubic cluster criterion (CCC) was determined from multiple 
cluster solutions (MAXCLUST) using from two to five cluster vari- 
ates (HAC, TOC, Tcp 2 , Tcp 3 , AT). The predictive validity of the 
cluster solution was determined by the homogeneity of cell properties 
within a cluster. Cell properties included action potential features, 
currents evoked by algesic agents, the kinetics of these currents and 
histochemical profiles of the recorded cells. Because of the large 
number of cell clusters identified (9), it was necessary to limit this 
report to validation of five of the nine clusters. 

Action potential 

A 1-ms, 1,500-pA current step was used to determine afterhyper- 
polarization (AHP) and action potential duration at the base (APDb). 
To quantify AHP, we used a criterion of 80% recovery to baseline 
(AHP80) (Lawson et al. 1997). Measurements are detailed in Fig. 2. 

Drugs and solutions 

Plated cells were superfused in rat Tyrode's solution containing (in 
mM) 140 NaCl, 4 KC1, 2 MgCt 2 , 2 CaCl^ 10 glucose, and 10 HEPES, 
adjusted to pH 7.4 with NaOH. Recordings were made 3-10 h after 
plating at room temperature. Test solutions were applied via gravity- 
fed pipette positioned approximately 1 mm from the cell (sewer pipe). 
The recording electrodes were filled with (in mM) 120 KG, 5 Na 2 - 
ATP, 0.4 Na 2 -GTP, 5 EGTA, 2.25 CaCl 2 , 5 MgCl 2 , and 20 HEPES, 
adjusted to pH 7.4 with KOH; osmolality was approximately 3 15-325 
mOsm). Capsaicin was prepared from a 10-mM stock solution (in 
100% ethanol) to a final concentration of 500 to 5,000 nM. The final 
concentration of ethanol was <0.1%. ATP and a/3-m-ATP were 
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fig. 2. Measurement of AHP80. Afterhyperpolarizations (AHPs) were 
measured as defined by Lawson and colleagues (Djourhi et al. 1998). A: 
representative action potential. Baseline corrected to -60 mV. B: the AHP80 
was the time (f) required for the AHP (measured in mV) to decay to 80% of 
its peak value (arrow). C: the action potential duration (APDb) was measured 
a s the time ( t ) from the lsLupward^deflection.ofm^ 

to baseline (—60 mV). D: stimulus waveform. The amplitude of the current 
pulse was adjusted to threshold (1,500—3,500 pA, 500-pA steps). The dura- 
tion was always 1 ms. 

prepared from stock solutions of 10 mM (in water) to a final concen- 
tration of 10 /jlM. Amiloride solution (100 juM) was prepared fresh on 
the day of the experiment. All drugs were purchased from Sigma 
Chemical. 



Immunohistochemistry 

Most cells that were exposed to capsaicin, protons, and ATP were 
subsequently processed for the presence of substance P, CGRP and 
binding of isolectin GS-I-B4 (IB4). After a recording was completed, 
a photograph of the cell was taken. The bath solution was replaced 
with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) 
for 20-30 min and then replaced with a similar solution containing 
0.4% Triton X-100. The cells were subsequently rinsed with PBS, and 
then incubated in 1:30 normal goat serum in PBS with Triton X-100 
for 1 h. Cells were incubated over sequential evenings in solutions of 
polyclonal anti-substance P (SP; 1:3,000, Peninsula Labs) and then 
monoclonal anti-CGRP (1:2,000, RBI) antisera. The primary antisera 
were detected by incubation with the appropriate species-specific 
secondary antibodies conjugated with either AlexaFluor 594 (red) or 
AlexaFluor 488 (green; Molecular Probes). The cells were then incu- 
bated overnight in a I0-jmg/ml solution of HRP-conjugated GS-I-B4 
isolectin. Lectin binding was visualized using the a tyramide-couma- 
rin amplification solution (NEN). The cells were viewed with a Zeiss 
Axiophot microscope equipped with the appropriate flourescence fil- 
ters (Omega Optical). The expression of each of the three markers was 
determined by an experimenter (JP) blinded to the classification of 
each cell. 



Statistics 

Peak currents were normalized for cell size (pA/pF). Rise times 
were computed as the time difference between the first deviation from 
the baseline to 90% of the peak current observed. The exponential 
decay constants (t) were derived from the expression A, exp[-(r - 
k)ir x ] ... + C (Clampfit 6.0). Fits were made at points between 10% 
of the peak current and 90% of the return to baseline using Clampfit 
software (Axon Instruments). The Mann-Whitney U test was applied 
to independent sample comparisons. The alpha level was set at 0.05. 



RESULTS 
Cluster analysis 

Cells were classified based on currents evoked by a series of 
three classification protocols (Fig. 1). Classification protocols 
V, 2, and 3 produced distinct patterns of hyperpolarization and 
depolarization activated inward and outward currents (Fig. 3). 
Five measures of current amplitude and inactivation were used 
to form variables that were suitable for cluster analysis (HAC, 
TOC, Tcp2, Tcp3» AT). 

Using a K means procedure, we identified nine clusters of 
cells from very small (<22 pirn; n = 38), small (24-32 /Ltm; 
n - 56), and medium (32-48 /im; n = 59) -sized neurons. 
Within the small cell population, two major subpopulations 
were formed by clustering on two current signatures variables 
(TOC, Td^). These were labeled types 1 and 2. Among very 
small-sized cells, cluster analysis identified two major sub- 
populations based on two cluster variables (HAC, t cp3 ). These 
cells _were labeled .types 3 and 7. Large GCG scores were 
obtained with both solutions (see Table 1). The greatest variety 
of cells was observed in the medium cell range. Here, using 
five cluster variables (HAC, TGC, r CP2 , t^, AT), we identi- 
fied five cell subpopulations. These were given labels types 4, 
5, 6, 8, and 9. Current signatures that were representative of the 
cell clusters are illustrated in Fig. 3. Predictive validity of the 
clusters was determined by examining the physiological, phar-^ 
macological, and histochemical properties of the cells within 
each cluster (n = 170). If the cell properties of each cluster are 
uniform, a good cluster solution has been found. 

type I cell 

CELL IDENTIFICATION AND ACTION POTENTIAL. Cells clustering 

in the type 1 group (n = 32) exhibited little hyperpolarization 
or transient outward current (Fig. 3; Table 1). All type 1 cells 
had small cell body diameters (24-30 /mm; 31.4 ± 1.1 pF, 
mean ± SE), and broad action potentials with a pronounced 
deflection on the falling phase. A substantial AHP was ob- 
served (Fig. 4; Table 2). 

algesic profile. Type 1 cells exhibited uniform algesic re- 
sponse profiles. Capsaicin sensitivity was present in most cases 
(22 of 28 cases). Capsaicin-induced currents (1 fjM) were 
typically slow in onset with a relatively modest peak amplitude 
(Fig. 4). Some current was present within 15 s, but peak 
currents required 30 or more seconds to fully develop. Regard- 
less of capsaicin sensitivity, all type 1 cells manifested weak 
inward current in the presence of acidic solutions. These cur- 
rents developed simultaneously with proton application, but 
onset kinetics were slow and current was maintained for the 
duration of proton application (Fig. 4). Nondesensitizing cur- 
rents were observed at both pH 6.1 (n = 17) as well as pH 5.0 
(n = 24); however, those at pH 6.1 were barely suprathreshold 
(2.62 ± 1.3 pA/pF). In contrast, powerful, rapidly activating, . 
slowly desensitizing currents were evoked by ATP in all cases 
tested (10 //M; n = 6; Fig. 4, Table 2). The kinetics of these 
currents were internally consistent (Table 3). As shown below, 
this form of ATP-activated current was markedly different 
from those in other capsaicin-sensitive cell types (types 2 and 7). 

Cells clustering in this category exhibited uniform histochem- 
istry. Six type 1 cells were prepared for immimocytochenustry 
following recordings. Five of the six cases contained CGRP-IR, 
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TABLE 1 . Cluster analysis 





HAC, 


TOC, 






AT, 






Cluster 


pA 


pA 


Tau CP 2 


Tau CP 3 


mV 


n 


Cell Size 


1 


-3.2 


19.7 


22.3 


-3.3 


n/a 


32 


Small 


2 


-1.9 


530.3 


100.6 


-1.3 


n/a 


24 


Small 


3 


-35.7 


-37.7 


72.0 


0.9 


n/a 


31 


Very small 


4 


-590.4 


-310.9 


3.8 


0.9 


-20.0 


24 


Medium 


5 


-102.7 


-33.9 


9.0 


-2.0 


0.0 


13 


Medium 


6 


-126.9 


-22.7 


3.5 


-2.1 


-37.1 


7 


Medium 


7 


-36.0 


-9.8 


115.1 


-1.8 


n/a 


10 


Very small 


8 


-75.1 


-20.7 


7.8 


-2.2 


-20.0 


7 


Medium 


9 


2.6 


8.7 


4.5 


2.7 


-20.0 


5 


Medium 



Cluster means for 5 cluster variates. The mean values for the 5 cluster 
variates are shown for each cell cluster. Separate cluster solutions were 
obtained for very small-, small-, and medium-sized cells. For clusters 1 and 2, 
only TOC and tau CP2 were needed; for clusters 3 and 7, only HAC and tau 
CP3 were required; for clusters 4, 5, 6, 8, and 9, all 5 variates were used to 
achieve a good cluster solution. Derivation of HAC, TOC, tau CP2, tau CP3, 
and AT are presented in Fig. 1. Cubic cluster criterion scores above 2 are 
considered good solutions (Hair et al. 1998). Cubic Clusterin g Criter ion: very 
smaii,' 3745^ smallT 6.63; medium "21.30. HAC, hyperpolarization-activated 
current; TOC, transient outward current; CP2 and CP3, classification protocols 
2 and 3; AT, activation threshold. 

and five of six bound IB4 (see Fig. 5). One IB4 binding, CGRP- 
positive case was weakly SP-IR positive, while all others lacked 
SP-IR Cell properties are summarized in Table 2. 

Type 2 cell 

CELL IDENTIFICATION AND ACTION POTENTIAL. All cells that 

clustered in this subgroup exhibited large transient outward 
current (Fig. 3; n = 24); no hyperpolarization-activated cur- 
rents were observed. Transient outward currents were totally 
blocked by local perfusion with external solution containing 
4-arninopyridine (4-AP, 10 mM; n = 7) or 80 /xM cadmium 
(n = 6). The type 2 cell cluster was made up of small diameter 
neurons (25-32 /an; 33.0 pF) with long duration action poten- 
tials and prolonged AHP (Fig. 4; Table 2). A relatively small 
hump appeared on the falling phase of the action potential (see 
Fig. 3). The AHP80 of the type 2 cell differed significantly 
from that of types 3 (U = 0, P < 0.002) and 7 (U = 0, P < 
0.01), but did not differ from other cell classes. The AP 
duration was significantly shorter than types 1 (U = 5, P < 
0.002), but significantly longer than types 3 (U = 0, P < 
0.002) and type 4 (U = 0, P < 0.002). 

algesic profile. The pattern of algesic responses was con- 
sistent in all cases tested (n = 22). Profound inward currents 
were observed following presentation of capsaicin (500 nM; 
n ~ 22; Table 2). The onset and form of these currents were 
similar to type 1 cells. Capsaicin-induced currents were signif- 
icantly larger than those observed in either the type 1 (C/ =13, 
P < 0.002) or type 7 cells (U = 9, P < 0.002). There was weak 
proton activation of a nondesensitizing current at pH 6. 1 . Small 
currents of <2 pA/pF were observed (1 .5 ± 0. 1 pA/pF; n = 6). 
Substantial inward currents were invariably present at pH 5.0 
(Fig. 4; Table 2). These currents were similar to those of type 
1 in form: immediate onset, slow onset kinetics, nondesensi- 
tizing; however, the amplitude of these currents were signifi- 
cantly larger (U = 32, P < 0.002). The proton-gated currents 
of the type 2 cejl were insensitive to amiloride (100 /xM; n — 
5). Reductions of current following a 2-min presentation of 
amiloride were no greater than expected from tachyphylaxis 



(64.4 ± 8.0 and 72. 1 ± 7.4% residual current for amiloride and 
control tests, respectively; n = 7 control cases). 

Large inward currents were observed in all type 2 cells 
following presentation of 10 /xM ATP (Table 2; n = 21). 
Currents activated by ATP exhibited very fast kinetics (Fig. 
4; Table 3), Both rise time and decay constants were sig- 
nificantly different from those of the type 4 cell (U = 44 and 
U = 0, P < 0.002, rise time and decay, respectively). Only 
decay constants differed between types 2 and 1 (U ~ 0, P < 
0.002). Repeated application of ATP revealed a profound 
tachyphylaxis (13.0 ± 0.04% residual current in a 2-min 
retest; n = 7). Currents of similar size and kinetics were 
observed following application of aj3-m-ATP (44.6 ± 10.6 
pA/pF; 10 jxM, n = 8). 

Immunocytochemistry was performed on 20 of these same 
type 2 cells. None of the cases exhibited SP-IR or CGRP-IR. 
However, all cells bound IB4 (Fig. 5). 

Type 3 cell 

cell identification and action potential. Cluster anal- 
ysis placed 21 cells intothe type 3 category. These were alj_ 
very small diameter neurons (18-22 /xm; 21.2 ± 1.3 pF) 
that lacked transient outward current but expressed small 
hyperpolarization-activated currents (Fig. 3; Table 1). De- 
cay constants fit to inward current traces (t cp3 ) indicated 
rapid inactivation (Table 1; see Fig. 3). The action potential 
durations (APDb) of type 3 cells were significantly shorter 
than all other cells with the exception of type 4 (U = 0, P < 
0.002, all comparisons); the afterhyperpolarization differed 
from all subclassified cells (U = 0, P < 0.002, all compar- 
isons). Unlike the type 1 and type 2 cells, there was no hump 
on the falling phase (Fig. 4). 

algesic profile Responses to ATP, capsaicin, and protons 
were examined in 21 type 3 cells. All 21 cells were capsaicin 
and ATP insensitive (500-1,000 nM capsaicin; 10 /xM ATP). 
In contrast to capsaicin-sensitive cells, type 3 cells exhibited 
powerful, rapidly activating, and desensitizing currents in 
acidic solutions (see Fig. 4; Table 3). A small but significant 
nondesensitizing component (3.6 ± 1.4 pA/pF) followed the 
rapidly desensitizing phase. 

In addition to differences in form and amplitude, the type 3 
cell was substantially more sensitive to protons than capsaicin- 
sensitive subtypes. Solutions at pH 6.1 produced large currents 
in all type 3 cells tested (95.6 ± 12.5 pA/pF; n = 7). While no 
current could be evoked at pH 7,0, rapidly desensitizing current 
was present at pH 6.8 (12.3 pA/pF; n = 1). 

The rapidly desensitizing proton activated currents of type 3 
cells were susceptible to block by amiloride (100 yM\ n = 4). 
Block was rapid (within 2 min), relatively complete (12 ± 
8.0% residual current), and was significantly greater than that 
expected from tachyphylaxis (58.5 ± 4.1% residual desensi- 
tizing current; n = 4). 

Immunocytochemistry was performed on all 21 type 3 cells 
exposed to multiple algesics. Twenty-one cases were IB4 neg- 
ative; 20 of 21 cases lacked CGRP-IR; none of the cases 
contained SP-IR (Fig. 5). 

Type 4 cell 

cell identification and action potential. From among 
medium-sized neurons (35-48 fim; 56.8 ± 1 .9 pF), a cluster of 
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Type 1 (IB4+ SP- CGRP+) 
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4 sec 



Type 2 (IB4+ SP- CGRP-) 
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Type 3 (IB4- SP-CGRP-) 

20 um 
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Type 4 (1B4- SP- CGRP-) 
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fig. 4. Algesic response profiles in subclassified cell 
types. For each eel! type, the action potential, response to 
capsaicin, pH 5.0 and ATP are presented from left to right. 
Doses and scales are indicated in each panel. All agents 
were presented by sewer pipe. The order of presentation 
was counterbalanced. Those cells that received alt 3 treat- 
ments are presented in Table 2. The inset over the action 
potential illustrates the relative size of the cell body and 
nucleus for each subclassified cell. More complete infor- 
mation about size is presented in Table 2. 



Type 7 (IB4+ SP+ CGRP+) 



| 100 pA 



PH5.0 



100 pA 



40 n 



30 sec 



CAP 500 nM 




10 sec 



ATP 10 uM 



27 cells was subclassified as type 4. The principle distinguish- 
ing signature fotthese cells was the appearance of very large 
hyperpolarization-activated currents (Fig. 3; Table 1). The 
action potential duration of the type 4 cell was significantly less 



than types 1, 2, and 7 (U = 0, P < 0.002 in all comparisons; 
Table 2 and Fig. 4) but did not differ from type 3. Cells of the 
type 4 cluster exhibited a substantial AHP80 that was compa- 
rable to capsaicin-sensitive cells. While the AHP did not differ 
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TABLE 2. Properties of subclassified cells 



Cell Type 





1 


2 


3 


n 


1 

28 


22 


£. 1 


Cell properties 








Diameter, /im 


24-30 


25-32 


18-22 


Size, pF 


31.4 ± 1.1 


31.5 ± 0.8 


21.2 ± 1.3 


Input Resistance, MO 


604.5 ±57.6 


726.7 ± 49.2 


544.9 ± 66.9 


Membrane potential, mV 


-56.0 ± 0.4 


-57.2 ± 0.7 


-51.7 ± 1.3 


Peak current 








Capsaicin, pA/pF 


25.9 ± 6.6 


134.9 ± 16.3' 


0.0 


Protons, pA/pF 


5.6 ± 2.4 


15.3 ± 2.7 b 


127.0 ± 16.0 


ATP, pA/pF 


13.3 ± 3.8 C * 


51.7 ± 10.1 


0.0 


cf0-methylene-ATP, pA/pF 


No test 


44.6 ± 10.3 


0.0 


Action potential 








Duration, ms 


7.35 ± 0.5 d 


5.9 ± 0.1 c 


3.5 ± 0.2 f 


Afterhyperpolarization, ms 


57.0 ± 8.1 k 


54.7 ± 7.6 k 


n.5 ± i.r 



24 



33^0 


16-22 


56.8 ± 1.9 


18.2 ± 1.3 


297.1 ±23.6 


811.7 ±127.4 


-58.0 ± 1.0 


-48.4 ± 1.9 


0.4 ± 0.1 


4.25 ± 0.9 


3.48 ± 0.4 


45.8 ± 18.1' 


17.4 ± 3.5 


2.9 ± 0.4 


1.6 ± 0.5 


No test 


3.1 ± 0.1 8 


6,5 ± 0.2 h 


46.5 ± 5.5 k 


110.2 ± 9.8* 


are presented. The cases represent only those 



in which . ATP ; capsai ci n. ,a nrt-protons were presented to the 
limited number of additional cases (type 2, n - 8; type 4, n = 5). 
greater than type 4. d Significantly greater than s 
less thanjypes 1, 2, and 7. h Significantly gn 

k Significantly greater than type 3 and significantly less man type 7. 1 Approached significance vs. type 3, P < 0.10. Statistics and probabilities are presented in 
the text For protons and ATP-activated currents, statistical comparisons were only made between currents of similar form (i.e., desensitizing or non- 
desensitizing). * n - 6. 




significantly from that of capsaicin-sensitive types 1 and 2, it 
was significantly shorter than AHP80 of the type 7 cell, and 
significantly longer than the capsaicin-insensitive type 3 cell 
(U = 0, P < 0.002 in both comparisons). 

algesic profile. Cells clustering as type 4 manifested ho- 
mogenous properties. Capsaicin (500 nM) was presented by 
rapid perfusion to 15 type 4 cells. In some cases (n = 7) very 
weak currents of <1 pA/pF were observed (0.40 ±0.13 
pA/pF; 500 nM). In an additional nine cells, 5 jxM capsaicin 
was presented, but no current was detected. Despite the lack of 
significant capsaicin currents, weak nondesensitizing proton- 
activated currents were present in ail type 4 cells (16 of 16 
cases). These currents resembled those in capsaicin-sensitive 
cells (types 1 and 2) but were smaller in amplitude. 

In the presence of ATP, all type 4 cells exhibited powerful 
inward currents that resembled those of type 1 cells (n = 18; 
Table 2; Fig. 4), but were significantly smaller in amplitude 
(U = 22, P < 0.05). Onset was simultaneous with application, 
but the kinetics of activation and desensitization were rela- 
tively slow. The rise time of ATP-activated currents were 
significantly slower in type 4 than in type 1 cells (U = 14, P < 
0.05). There was no difference in decay time constants. In 
contrast to the type 2 cell, reactivity to a/3-m-ATP was 



weak (1.6 ± 0.5 pA/pF vs. 44.6 ± 10.3 pA/pF for type 2; n = 
5 and 8). 

Immunocytochemistry was performed on 16 cells that had 
been exposed to capsaicin, ATP, and protons. Cells classified 
as type 4 were very weakly IB4 positive using the biotinylated 
tyramide amplification procedure (Fig. 5; 6 of 10 cases). How- 
ever, in six cells with tyramide-coumarin amplification, all 
cases were negative. None of the 16 cells could be shown to 
contain CGRP-IR or SP-IR. 



Type 7 cell 

CELL IDENTIFICATION AND ACTION POTENTIAL. Recordings 

were obtained from 10 very small diameter cells (16-22 fim; 
18.2 ± 1.3 pF) that clustered together based on small hyper- 
polarization-activated currents and a slowly, inactivating in- 
ward current signature (HAC, Tq^). Like other capsaicin- 
sensitive cells (types 1 and 2), the type 7 cell manifested a 
broad action potential and a substantial shoulder on the falling 
phase (Fig. 4). The duration of the AP differed significantly 
from types 1, 3, and 4 (see above). The AHP80 of the type 7 
cluster was exceptionally long (110.2 ± 9.8 ms) and differed 
significantly from all other cell types. 



TABLE 3. Kinetics of desensitizing currents evoked by ATP and protons 



Cluster 


Rise Time 


Cases 


Decay 


Rise Time 


Cases 


Decay 


Type 1 
Type 2 
Type 3 
Type 4 
Type 7 


239.2 ± 33.6* 

173.8 ±41.2 
n/a 

354.9 ± 44.4 
196.0 ±36.0 


6 

22 

24 
8 


2,300.8 ±493.1 
214.3 ± 48.8 
n/a 

2,813.4 ±404.6 
386.0 ± 135.1 


n/a 
n/a 

505.3 ± 83.8t 
n/a 

189.3 ± 36.6 


21 
8 


n/a 
n/a 

683.3 ± 53.4| 
n/a 

254.9 ± 45.0 



Values are means ± SE. Rise time and decay constants for desensitizing currents evoked by ATP (left) or protons (right). Rise time was determined as the 
tune (ms) between the 1st inward deflection to 90% of the peak current All decay constants were derived from single exponential fits. * P < 0.05 vs. type 4. 
t P < 0.02 and P < 0.002 vs. type 7 for rise time and decay, respectively. Doses: ATP, 10 /iM; protons, pH 5.0. 
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fig. 5. Visualization of GS-I-B 4 -binding and expression of 
the neuropeptides substan ce P (SP) and cal ci tonin gene-related 
"peptide (CGKP)"in recorded neurons reveals distinct patterns of 
distribution. Cell types determined by current signatures are 
indicated to the left of each row. The histochemical marker 
visualized^ in each panel is indicated^above each column. Ar- 
rows indicate the individual cell in each field that was recorded. 
Expression patterns of SP/CGRP/GS-I-B 4 were as follows: 
type 1, -/+/+; type 2, -/-/+; type 3, -/-/-; type 4, 
-/-/-; type 7, +/+/-K Scale bars indicate 25 jim. 



algesic profile. The type 7 cell class was uniform with 
respect to capsaicin, ATP, and proton sensitivity (n = 8). 
Following application of ATP, a transient peak was followed 
by a weak, nondesensitizing inward current (Table 2). Capsa- 
icin-activated currents were similar to those of the type 1 cell, 
but significantly less in amplitude than the type 2 cells (U = 7, 
P < 0.002; Table 2). However, unlike capsaicin-sensitive cells 
that expressed only nondesensitizing proton-activated currents, 
protons evoked large amplitude currents with fast kinetics in 
type 7 cells. The form and amplitude of these currents were 
similar to type 3 cells. Despite this general similarity, the 
kinetics of proton-activated currents of type 7 cells differed 
significantly from those of type 3. Both rise time and decay 
constants were significantly shorter than proton-activated cur- 
rents in type 3 cells (U = 21, P < 0.02 and U = 3, P < 0.002 
for rise time and decay, respectively; Table 3). The transient 
portion of pH 5^0 activated currents could be blocked by brief 
application (2 min, local supervision) of 100 yM amiloride 
(28.2 ± 15.4% residual current; n = 4). A substantial amilo- 



ride-insensitive, nondesensitizing component was also present 
(6.0 ± 1.6 pA/pF; see Fig ; 4). 

Like the type 3 capsaicin-insensitive cell, there were very 
substantial proton-activated currents at pH 6.1 (45.8 ± 18.6 
pA/pF; n = 6). It was noteworthy that the nondesensitizing 
component that was prominent at pH 5.0 was negligible at pH 
6.1 (0.96 ± 0.42 pA/pF). Possibly, VR1 makes contributes to 
the nondesensitizing portion of the proton response at pH 5.0. 
No current could be evoked at pH 7.0, but significant transient 
and nondesensitizing current were present at pH 6.8 (28.3 
pA/pF and 2.9 pA/pF, respectively; n = 1). 

Eight type 7 cells were prepared for immunocytochemistry. 
All were IB4 positive and contained both SP-IR and CGRP-IR 
(Fig. 5). 

DISCUSSION 

We have used a current signature classification scheme to 
subclassify acutely dissociated DRG cells harvested from adult 
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rats. Cluster analysis formed nine subgroups based on variables 
derived from three classification test protocols. After examin- 
ing the algesic profile (capsaicin, protons, ATP), action poten- 
tial properties (APDb, AHP80), and histocheniical phenotypes 
of five subclassified cell types, it was apparent that the current 
signature method could reliably identify distinct subsets of 
cells whose properties were internally homogenous. With mi- 
nor exceptions, all clusters had uniform properties with respect 
to the algesics presented, the presence/absence of neuropep- 
tides SP and CGRP, and the binding of IB4. Because cell 
subtypes were uniform with respect to afterhyperpolarization, 
AHP is likely to be useful, in vitro, to discern classic 
nociceptive subclasses with greater specificity than previously 
possible. 

Current signatures, AHP, and nociceptive function 

Action potential AHP appears to be a promising means of 
identifying-cell bodies of nociceptors of al! classes (Bjourhi et 
al. 1998; Lawson et al. 1997; see also Koerber et al. 1988; 
Ritter andMendell 1992; Villiere and McLachlan 1996). Using 
sharp electrode recordings, in vivo, Lawson and colleagues 
were able to distinguish nociceptive from nonnociceptive sub- 
groups within the AS and C fiber populations. Although spe- 
cific subtypes within nociceptive populations could not be 
distinguished by AHP80 in vivo (e.g., AS MH vs. AS HTM; C 
MH vs. C PMN vs. C HTM vs. CH, etc.), all nociceptive 
classes (both capsaicin sensitive and insensitive) were clearly 
set apart from other groups (including silent type nociceptors). 
Because we were able to report that subclassified cells bodies 
also have uniform AHP80 in vitro, it is possible that this 
feature will be an aid to detailed nociceptor identification. 
Moreover, by combining algesic reactivity and AHP80, the 
ability to identify specific linkages between classic nociceptive 
subpopulations and subclassified cells is enhanced. 

Although the afterhyperpolarization and action potential du- 
ration of cell clusters were internally consistent, they diverged 
from previous reports (Cardenas et al. 1995; see also Villiere 
and McLachlan 1996). In the studies by McLachlan, the full 
AHP was measured (complete return to baseline). This resulted 
in substantially longer and more variable records. In the studies 
of Cardenas, little or no AHPs were observed. Using a tech- 
nique common in most patch-clamp studies, action potentials 
were evoked using a 30-ms, threshold current injection step 
(typically 200-400 pA). This technique precludes accurate 
measurement of AHP. The long current step (30 ms) is coin- 
cident with the AHP phase, thereby causing much of the AHP 
to be obscured. Therefore we adopted an alternative method 
(1-ms, 1,500- to 3,000-pA step) that permitted the AHP to be 
fully visualized. While we could not expect the AHP of patch- 
clamped cells to be identical with those recorded with sharp 
electrodes (Djourhi et al. 1998; Villiere and McLachlan 1996), 
it was likely that a similar ordering of AHPs would be ob- 
served. As we recorded only from small- and medium-sized 
cells, we were more likely to encounter nociceptive subtypes 
(Harper and Lawson 1985; Yoshida and Matsuda 1979). Ac- 
cordingly, the AHP80 of type 1 (57 ms), type 2 (55 ms), type 
4 (47 ms), and type 7 (110 ms) cells were clearly consistent 
with nociceptive function. The AHP80 of the type 3 cells (18 
ms) was more likely to be associated with nonnociceptive 
function. 



Current signatures and histochemical phenotype 

Current signature identified cells were histochemically uni- 
form. Types 1 and 7 contained peptides SP and/or CGRP, 
while types 2, 3, and 4 did not. It is well recognized that SP and 
CGRP are present in some nociceptor subpopulations; how- 
ever, it has not been clear whether these peptides are associated 
with specific subclasses or distributed throughout the nocicep- 
tor family (Lawson et al. 1997; Leah et al. 1985; McCarthy and 
Lawson 1990, 1997^ In either case, the presence of these 
peptides suggests a functionally distinct role fox the subpopu- 
lations in which they are contained. Peptides CGRP and SP 
have been implicated in important peripheral and central com- 
ponents of the inflammatory response including vasodilation 
(Bharali and Lisney 1992; Holzer 1988; Lembeck and Holzer 
1979), central sensitization (Dougherty et al. 1994; Honore et 
al. 1999; Neugerbauer et al. 1995; Neumann et al. 1996), and 
posttraumatic sprouting (Belyantseva and Lewin 1999). There- 
fore cells ex pressin g these peptides are otunique-importance. 
If peptide-contaihing cells can be reliably identified by current 
signature alone, the study of these important subpopulations 
would be greatly simplified. • > 

Cells classified by current signature also fell into uniform 
classes of IB4-positive and -negative populations. The binding 
of IB4 has been associated with unmyelinated afferent popu- 
lations (Kitchener et al. 1993; Streit et al. 1985, 1986; Wang et 
al. 1998) and with important functional specializations (Stucky 
and Lewin 1999). Accordingly, cells classified as types 1, 2, 
and 7 are predicted to be unmyelinated afferents, while cells 
classified as types 3 and 4 are presumably myelinated. Further, 
as it has been shown that the IB4-binding population innervates 
cutaneous structures almost exclusively (Kitchener et al. 1993; 
Petruska et al. 1997; Plenderleith and Snow 1993; Wang et al. 
1998), most, if not all, type 1, 2, and 7 neurons were likely to 
be cell bodies of cutaneous sensory afferents. Of course, the 
absence of IB4 binding in types 3 and 4 would not exclude 
these from the cutaneous afferent pool. 

Taken together, the pattern of peptide expression and IB4 
binding has a number of implications for subclassified cells. 
Type 1 neurons contained CGRP-IR and had IB4 binding but 
lacked SP-IR. While many DRG neurons that express CGRP 
also express SP (Lee et al. 1985a,b), the singular overlap of 
CGRP-IR with IB4-binding neurons was not unexpected. 
Based on this profile, type 1 and type 2 cells are likely to 
correspond to an IB4 binding, glial cell line derived neurotro- 
phic factor (GDNF)-dependent, DRG population (Bennett et al. 
1998; Molliver et al. 1997). Because they express CGRP, but 
not SP, yet bind IB4, type 1 cells are likely to belong to a 
subgroup of the GDNF-responsive population that innervates 
cutaneous tissue and expresses somatostatin (SOM) (Gibbins et 
al. 1987; Hokfelt et al. 1976; Perry and Lawson 1998; Wang et 
al. 1994). In a recent report, we have confirmed that 78% of 
type 1 cells express SOM-IR (Petruska et al. 2000b). In con- 
trast, neurons positive for all three markers (type 1) were likely 
to be part of the nerve growth factor- dependent, small-diam- 
eter DRG population expressing tyrosine kinase (e.g., Molliver 
et al. 1995; Verge et al. 1989). 

Current signatures, algesic response, and cell classification 

Our current signature classification scheme is based on 
methods first used in DRG by Cardenas and Scroggs (Cardenas 
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CPl 



CP2 



CP3 



Cell Type 



TOC 



HAC 



AT 



'decay 



Size Range, /im 



No 

Yes 

No 

No 

No 

No 

No 

No 

No 



No 

No 
<100pA 
>300pA 
<100pA 
<100pA 
<100pA 
<100pA 

No 



No 

NR 

NR 

NR 

OmV 
-40 mV 

NR 
-20 mV 
-20 mV 



NR 
NR 

Fast inactivation 
NR 
NR 
NR 

Slow inactivation 
NR 
NR 



24- 30 

25- 32 
18-22 
33-40 
35-45 
35-45 
16-22 
35-45 
35-45 



A classification decision table for 9 DRG cell types. Application of classification protocols I, 2, and 3 {CPL CP2. CP3\ provides enough information by 
simpk inspection, to classify 9 cell types without application of any statistical procedures. Using the presence and absence of transient outward current (TOC) 
and the amplitude of hyperpolarization-activated currents (HAC) in combination with the threshold of A-current peaks (AT), it is possible to classify 7 cell types 
7? ^ Ql I reqUired 10 ^^jy?^ 3 and 7 * a «ual r^ y need not be computed, as the apparent inactivation rates are distinct by inspection (see Fig 2 
C and G). The necessary and sufficient conditions for each cell type are shown in bold print Note that size range simplifies the classification, but is not required 
NR* test is not required. >- ^ 



et al. 1995). Their procedure specifies both capsaicin testing 
and Ca 2+ current identification in addition to hyperpolariza- 
tion-activated currents to identify four cell subtypes. We have 
demonstrated that simplified procedures, which include hyper- 
polarization and depolarization tests, can subclassify a larger 
number of DRG cells without the presentation of capsaicin or 
dissection of voltage-activated Ca 2 * currents (Table 4). We 
have retained the original nomenclature for the four subtypes 
identified by Scroggs. Because we did not rely on capsaicin 
sensitivity or Ca 2+ currents to subclassify cells, some variation 
in cell assignment might occur. 

The type 1 cluster was a small (31.4 pF), capsaicin-sensitive 
cell, with weak nondesensitizing proton-activated currents and 
slow desensitizing response to ATP. The size of the cells and 
the amplitude and form of'capsaicin-activated currents were 
consistent with those reported by Scroggs for their type 1 cell 
(26 pF) (Cardenas et al. 1995). The type 1 cell of Scroggs was 
identified as a subtype that lacked both hyperpolarization- 
activated or transient outward currents, and also by capsaicin 
sensitivity and by the presence of L, N, and T type Ca 2+ 
currents. Although we did not examine the Ca 2+ currents in 
these cells, our type 1 cluster matches the type 1 cell of 
Scroggs in other respects but may include, as well, a small 
group of capsaicin-insensitive cells. Whether they were sensi- 
tive to capsaicin or not, all cells clustering as type 1 had 
relatively uniform histochemistry (83% IB4 and CGRP posi- 
tive), and all responded in the same respect to ATP and 
protons. 

We have recently reported that type 1 cells co-expressed 
P2xt, P2x 2 , and P2x 3 subunits (Petruska et al. 2000b). Assem- 
bly of P2x 2 and P2x 3 subunits in expression systems have been 
associated with large amplitude slowly desensitizing ATP- 
activated currents that are consistent with those of type 1 cells 
(Lewis et al. 1995). It is not entirely clear whether P2X W P2X 2 , 
and P2X 3 subunits can combine to form functional receptors 
that are distinct from heteromers of P2X 2 and P2X 3 ; however, 
differences in amplitude and kinetics of the responses of type 
1 cells from those of type 4 suggest that a distinct combination 
is present and functional. It remains to be determined whether 
other properties associated with the type 1 cell of Scroggs 
(projection into superficial lamina of the spinal cord, sensitivity 



to 5-HT, TTX-insensitive Na + current) can be attributed to the 
type 1 cluster (Cardenas et al. 1995, 1997a,b; Del Mar and 
Scroggs 1996), but it is clear that this CGRP and somatostatin- 
expressirig, capsaicin-sensitive cell population could contribute 
in an important fashion to posttraumatic pain. We suggest that 
it may be the cell body of a CMH or C polymodal nociceptor. 

The premier capsaicin-sensitive DRG cell cluster was the 
type 2 cell. The Scroggs group identified a type 2 cell as a 
small (29 pF), capsaicin-sensitive cell that expressed L and N 
type Ca 2+ currents, and A-type, transient outward current. We 
believe this cell can be identified reliably by the presence of 
transient outward current alone. Transient outward current is 
characteristic of cells expressing A-currents. We confirmed 
that the TOC of the type 2 cluster was sensitive to 4-AP and 
cadmium. Inhibition by 4-AP or divalent cations is a common 
property of A-currents (Conner and Stevens 1971; Gold et al. 
1996; Talukder and Harrison 1995). Cells that clustered as type 
2 were similar in size (31 pF) and had large amplitude (135 
pA/pF) capsaicin-activated currents that were consistent with 
the type 2 cell of Scroggs (117 pA/pF) (Cardenas et al. 1995). 
The presence of a minor shoulder on the falling phase of the 
action potential was further evidence that cells clustering as 
type 2 are identical to those identified by Scroggs and col- 
leagues using more invasive methods. 

We found that the capsaicin sensitivity of type 2 cells was 
unsurpassed by other capsaicin-sensitive subtypes. Compari- 
sons between capsaicin reactivity of the type 2 cell cluster and 
that of the other capsaicin-sensitive clusters (types 1 and 7) 
show virtually no overlap. It is somewhat surprising that the 
premier capsaicin-sensitive cell of the DRG contained no SP or 
CGRP. However, other cell clusters with powerful capsaicin- 
induced currents (types 5, 8, and 9) contain peptides SP and/or 
CGRP (Cooper et al. 2000). The algesic response profiles of 
these cells are distinct from those of type 2 cells. We will 
contrast the properties of these cells with type 2 cells in a 
subsequent report on the remaining cell clusters. With respect 
to pharmacology, form, sensitivity, and kinetics, the proton- 
activated currents of type 2 cells were typical of cells express- 
ing VR1 homomers (Caterina et al. 1997; Tominaga et al. 
1998). Therefore proton-activated currents of the type 2 cell 
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cluster were likely to reflect proton sensitivity of the capsaicin 
receptor. 

The pharmacology and kinetics of currents activated by ATP 
were consistent with the "mixed fast current" described re- 
cently by Burgard and others (Burgard et al. 1999; Petruska et 
ai. 2000a). We found that, in contrast to other forms of ATP- 
activated currents, these exceptionally fast, large amplitude 
currents are exclusively expressed in the type 2 cell. The 
functional significance of this unique specialization is unclear, 
but certainly, the large amplitude and fast kinetics of these 
currents would provide a secure detection of any ATP that 
might be liberated in the periphery by tissue damage. The 
kinetics of these currents are consistent with those shown by 
co-expression of P2x, and P2x 3 receptor subunits in expression 
systems (Chen et al. 1995; Lewis et al. 1995; Ueno et al. 1999). 
We have recently found that all cells (10 cases) classified as 
type 2 co-express P2x, and P2x 3 -IR (Petruska et al. 2000b). 

The type 3 cell cluster was composed of very small (21 pF) 
ATP- and ca psaicin-insens itive cells with minor .hyperpolar- 
ization-activated currents and rapidly inactivating inward cur- 
rent signatures (CP3). Scroggs identified the type 3 cell as a 
small celK(15-pF), with weak hyperpolarization-activated cur- 
rents, that expressed L, N, and T type Ca 2+ currents and was 
insensitive to capsaicin. Using only current signatures, we 
identified a homogenous capsaicin-insensitive population that 
was a good match for the type 3 cell of Scroggs. While we are 
confident that we have thoroughly sampled cells in the small 
and medium size range, we are also confident that we have not 
thoroughly sampled cells in the very small range (<22 /am). 
Because sampling was confined to cells with large diameter 
nuclei, a number of interesting cell clusters may yet be iden- 
tified among this population. Moreover, as we have not repli- 
cated other characteristics associated with the type 3 cell of 
Scroggs (Ca 2+ currents and TTX-sensitive Na + currents) (Car- 
denas et al. 1997a), we cannot be certain that these two 
groups are identical. Whether these cells were identical or not, 
their properties offered an interesting contrast to other cell 
populations. 

Cells clustering as type 3 were uniquely capsaicin- and 
ATP-insensitive cells and exhibited powerful, rapidly desensi- 
tizing, amiloride-sensitive proton-activated currents (Cooper et 
al. 1999a). The form and pharmacology of the latter was 
consistent with the expression of acid-sensing ion channels 
(ASIC/DRASIC) (Chen et al. 1998; Lingueglia et al. 1997; 
Waldmann et al. 1997a,b, 1999). The exceptionally short 
AHP80 of the type 3 cluster further suggested that it was an 
important cell group whose properties should contrast mark- 
edly with capsaicin-sensitive and -insensitive cells with much 
longer AHP80s. A better understanding of the relationship 
between AHP and functional sub-specialization of DRG neu- 
rons requires such contrasts. 

The type 4 cell cluster was a medium-sized (57 pF), capsa- 
icin-insensitive cell with weak proton reactivity and narrow 
action potential. Slowly desensitizing currents were always 
evoked by ATP. The response profile for capsaicin, protons, 
and ATP were consistent in all cases. Scroggs and Cardenas 
identified the type 4 cell as a medium-sized (54 pF) capsaicin- 
insensitive cell with very large hyperpolarization-activated cur- 
rents (>800 pA), narrow action potential, and large N and T 
type calcium currents (Cardenas et al. 1995). Our type 4 cluster 
was composed exclusively of cells with exceptionally large 



hyperpolarization-activated current (590 pA). While these cur- 
rents were present in other medium-sized cells (types 5, 6, and 
8), they were far smaller and could readily be distinguished by 
visual inspection alone. As cell clusters 5 and 8 are capsaicin- 
sensitive cells and type 6 has very weak hyperpolarization- 
activated current, we are confident that the type 4 cluster can be 
identified by this signature and is identical to that presented by 
the Tennessee group. 

The type 4 cell cluster was particularly interesting due to 
properties implicating it as a capsaicin-insensitive, myelinated 
nociceptor. Regarding the latter, we have confirmed in a sep- 
arate report that type 4 cells do not bind IB4 (10 of 1 1 cases) 
but do express NF-M-IR (9 of 9 cases). This pattern is strongly 
associated with myelinated afferents (see Petruska et al. 
2000b). Despite the absence of a significant capsaicin response, 
this cell type consistently expressed properties associated with 
nociceptive cells. Similar to type 1, the type 4 cell manifested 
powerful, ATP-activated currents th at represented co-expres- 
sion of P2X 2 and P2X 3 subunits (Petruska et al. 2000b). 
Moreover, while there was a relatively narrow APDb (3.1 ms, 
no shoulder)* the AHP80 (47 ms) was similar to those of 
capsaicin-sensitive subtypes (55 and 57 ms) and significantly 
longer than capsaicin-insensitive, ATP-insensitive cells (type 
3), Given its long AHP80, and previous demonstrations that the 
type 4 cell of Scroggs was sensitive to PG^ and 5-HT (Car- 
denas et al. 1997a, 1999), it is likely that this cell belongs to a 
subgroup of capsaicin-insensitive nociceptors. The most likely 
candidates include the AS HTM or A5 cold nociceptor. 

We identified a fifth cell cluster that was not previously 
classified by the Scroggs group. The type 7 cell was a very 
small neuron (18 pF) with weak, but significant, capsaicin and 
ATP sensitivity. It was distinct from other capsaicin-sensitive 
cells due to the expression of fast desensitizing, amiloride- 
sensitive, proton-activated currents with a strong nondesensi- 
tizing component and the presence of peptides SP and CGRP. 
The long duration AHP80 (1 10 ms) and broad action potential 
(6.5 ± 0.2 ms) contrasted greatly with the type 3 cell (18 and 
3 ms, respectively) and were consistent with a nociceptive 
function. Lawson has shown that the longest AHP80s were 
observed in the silent nociceptive classes (Djourhi et al. 1998; 
Lawsori et al. 1997). The exceptional length of the AHP in the 
type 7 cell easily set it apart from other characterized cell 
groups and suggested that it might represent a portion of the 
silent (or mechanically insensitive) nociceptor class in vitro 
(Cooper et al. 1991a,b; Meyer et al. 1991; Perl 1968; Schaible 
and Schmidt 1983; Weidner et al. 1999). 

Cluster analysis confirmed that nine distinct cell populations 
could be found in DRG cells with diameters ranging from 16 
and 45 p,m. However, we have not found it necessary to assign 
cells statistically. Rather, a simple decision table (Table 4) can 
be used to place cells in one of nine subgroups based on visual 
inspection of currents produced mainly by two classification 
protocols (CP1 and CP2). In most instances the assignment is 
simplified by cell diameter measurement. Because we have 
found that certain cell types are confined to distinct, nonover- 
lapping size ranges, the number of possible assignments will be 
reduced by taking cell size into account. Because this method 
was derived in acutely dissociated, adult DRG, some caution 
should be taken with other DRG preparations. 
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Profile construction in classified cell types 

Classification of cells by current signature has important 
advantages over schemes that simply divide all cells into two 
mutually exclusive subtypes (e.g., 1B4 positive/negative or 
capsaicin sensitive/insensitive), and rely on post hoc cell iden- 
tification. While binary schemes have utility, they cannot cap- 
ture the rich functional diversity of the nociceptive afferent 
pool. Using the current signature method, we have been able to 
identify nine distinct clusters of cells. We have shown that at 
least five of these subclasses have uniform properties with 
respect to algesics and histochemistry. Four of the five exhib- 
ited action potential properties consistent with those of noci- 
ceptors, in vivo. 

The classification of cells by this method has the substantial 
advantage of being able to predict algesic response profiles and 
histochemical phenotype by current signature alone. This has 
several applications in patch clamp experiments. If experi- 
ments require targeting of substance P expressing cells, current 
signature identificariGn-perrnits this 'determination wi ihout im- 
munocytochemistry. Alternately, if ASIC expressing cells are 
targeted, current signatures offer the advantage of identifying 
such cells at the beginning rather than at the end of the 
experiment. More importantly, due to the uniform properties 
exhibited by subclassified cells, identification of a neuron by its 
unique signature allows its prior history to be transferred from 
experiment to experiment. 

If current signatures reliably predict properties from experiment 
to experiment, an extensive profile of properties can be developed 
for each cell type. This building of profiles is best exemplified by 
the properties that have been attributed to the type 2 cell. A series 
of studies from this and the Scroggs laboratory have demonstrated 
that the type 2 ceil 1) is the premier capsaicin-sensitive DRG cell 
(Cardenas et al. 1995 and above); 2) possesses weak, amiloride- 
insensitive, proton-activated currents that are characteristic of the 
vanilloid receptor; 3) is highly sensitive to ATP and expresses 
currents consistent in form, pharmacology, and histochemistry 
with the expression of P2x! and P2x 3 subunits (above and 
Petruska et al. 2000b); 4) projects into lamina I and II of the dorsal 
horn (Del Mar and Scroggs 1996); 5) uniquely expresses TTX- 
insensitive currents consistent with unmyelinated afferent pools 
(Cardenas et al. 1997a); 6) is sensitive to 5-HT via coupling of 
TTX-insensitive currents to a 5HT 4 receptor (Cardenas et al. 
1997a); 7) possesses TTX-insensitive currents that are amplified 
by PGE2 (Cardenas t et al 1997a); 8) has a long duration AHP80 
consistent with nociceptors; and 9) belongs to a group of IB4- 
positive, neurofilament-negative cells that do not express either 
substance P or CGRP (above and Petruska et al. 2000b). It is 
possible to build a profile of cells if classification predicts prop- 
erties with great accuracy and reliability. It is clear from previous 
reports that this was possible with respect to capsaicin, 5-HT, and 
PGE2 reactivity. In the present report, we have shown that this 
uniformity includes histochemical phenotype as well as sensitivity 
to protons, ATP, and afterhyperpolarization. 
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Recent cloning efforts have identified families of ligand- or 
voltage-gated ion channels that are expressed by pain-sensing 
primary afferent neurons. Pharmacological, electrophysiological 
and genetic studies are beginning to reveal how these 
signaling molecules specify roles for subsets of sensory 
neurons in the pain pathway. 
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Abbreviations 



ASIC acid-sensing ion channel 

ATP adenosine triphosphate 

CGRP calcitonin-gene-related peptide 

DRASIC acid-sensing ion-channel subtype 

ENaC amiloride-sensitive epithelial sodium channel 

IB4 Griff onia simpl Id folia isolectin B4 

MDEG2 acid-sensing ion-channel subtype 

P2X ATP-gated ion channel 

P2Y G-protein-coupled ATP receptor 

PN1 sodium channel subtype, TTX-S 

SNS/PN3 sodium channel subtype, TTX-R 

SNS2/NaN sodium channel subtype, TTX-R 

TTX-R tetrodotoxin-resistant sodium channel 

TTX-S tetrodotoxin-sensrtive sodium channel 

VGSC voltage-gated sodium channel 

VR vanilloid receptor 

VRL-1 VRHike protein 1 



Dnfroducftiioni 

In mammals, the detection of potentially injurious stim- 
uli is carried out by neurons in the pain pathway. 
Specialized cells within the peripheral nervous system 
are selectively equipped to detect noxious thermal, 
chemical or mechanical stimuli and to report the presence 
of these stimuli to the central nervous system [1]. These 
so-called nociceptive neurons are anatomically and func- 
tionally distinct from the neurons that detect innocuous 
stimuli, such as a light touch or gentle warming. 
Nociceptive neurons, such as primary sensory cells of the 
visual, olfactory and gustatory systems [2-6], express pro- 
teins that are believed to convey upon them their discrete 
sensory properties. Among these are a number of ion 
channels, identified within the past three years, that 
appear to be expressed exclusively or preferentially with- 
in selected subsets of primary afferent neurons 
(Figure 1). Ongoing studies of these molecules promise 
to provide insights into the basic mechanisms of nocicep- 
tion, the heterogeneity of nociceptor subtypes, and the 
changes undergone by these cells during chronic pain 
states of neuropathic or inflammatory origin. 



Using the tools of molecular biology, it is now possible to 
identify specific receptors and ion channels whose phar- 
macological and electrophysiological properties determine 
the functional characteristics of primary sensory neurons. 
Below, we highlight several areas in which significant 
progress has been made over the past couple of years. 

How many types off nociceptor exist? What do 
they express a nd why? 

Nociceptors can be broadly divided into two classes [1]: one 
group has small-dia mete r cell bo.dies.and slowlv conduct! ntr 
unmyelinated axons (known as G fibers), whereas the other 
has medium-diameter cell bodies and faster conducting, 
lightly myelinated axons (known as A5 fibers). These popu- 
lations, however, are neither functionally nor anatomically 
homogeneous. C fibers, for example, can be further subdi- 
vided according to the noxious sensory modalities to which 
they respond. Many are polymodal, in that they respond to 
mechanical, thermal and chemical stimuli, whereas others 
are activated by only a subset of these modalities. 
Alternatively, C fiber nociceptors can be subdivided on the 
basis of histological markers [7-9]. One major group 
expresses pro-inflammatory peptides, such as substance P 
and calcitonin-gene-related peptide (CGRP), and project to 
- the most superficial layers of the spinal cord dorsal horn (i.e. 
lamina I and the outer zone of lamina II). A second group 
does not express substance P or CGRP, but can be identified 
by the presence of specific enzymes (e.g. fluoride-resistant 
acid phosphatase) or binding sites for the lectin IB4. In 
comparison with substance-P-positive cells, these non- 
peptidergic C fibers project to the slightly deeper inner lam- 
ina II of the spinal cord dorsal horn. Molliver et aL [8] found 
that these two classes of neurons also differ in their expres- 
sion of neurotrophin receptors and, consequently, in their 
responsiveness to these neurotrophins. 

Are there functional correlates of these histological distinc- 
tions? Both neuronal classes are believed to respond to 
noxious thermal, chemical and mechanical stimuli, but 
recent studies suggest that these nociceptor cell types may 
contribute differentially to the initiation and maintenance 
of pain. For instance, peptidergic neurons appear to be the 
major effectors of neurogenic inflammation, releasing pro- 
inflammatory peptides such as substance P from their 
peripheral terminals in response to activation [10°,ir], It 
also seems that these neurons are involved in the chronic 
pain that results from tissue inflammation [12]. In contrast, 
Malmberg et af.'s [13] analysis of protein kinase C gamma 
(PKCy) knockout mice suggests that the IB4-positive, non- 
peptidergic neuronal population is more involved in 
chronic pain resulting from nerve injury. Further support 
for functional differences between these two cell types 
comes from a recent electrophysiological study by Stucky 
and Lewin [14°°], who found that IB4-positive and 
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Summary of selected ion-channel subtypes 
expressed in primary afferent neurons of the 
pain pathway. VGSCs (such as SNS/PN3, 
SNS2/NaN and PN1) are composed from 
polypeptides that contain four tandem repeats 
of the subunit structure shown. All other 
channels depicted here are formed from 
multimers of the indicated subunrts. Riled 
ovals in the VR topological structure indicate 
ankyrin repeat domains. Horizontal filled bars 
indicate the neuronal size range in which each 
ion-channel subtype has been found. For 
P2X3 and VR1, expression is confined mostly 
to small-diameter neurons, but some medium- 
diameter neurons also appear to express 
these proteins. P2X3 is expressed 
predominantly in iB4-positive neurons. ASlCct 
is expressed predominantly in IB4-negative 
neurons. VR1 is expressed in both 
IB4-positive and IB4-negative neurons. 



IB4-negative cells exhibit differences in the magnitudes of 
voltage-gated sodium currents and of heat-evoked currents. 

Like G fiber nociceptors, A5 nociceptors can respond to 
noxious thermal, mechanical and/or chemical stimuli. 
Although some histological heterogeneity has been reported 
among these cells, nociceptive A5 neurons have more clas- 
sically been subdivided on functional grounds [1,15]. 
Type II A5 nociceptors, for instance, exhibit a very short 
response latency to thermal stimuli and are activated at a 
moderate threshold temperature of 43°C. These neurons 
are thought to be responsible for our initial sensation of a 
burning stimulus. Type I A8 nociceptors, on the other 
hand, exhibit a much longer response latency and are acti- 
vated only at much higher stimulus temperatures (> 50°C). 
These neurons, along with nociceptive C fibers, contribute 
to more persistent painful sensations. 

Undoubtedly, the above classification scheme is oversim- 
plified. Moreover, much remains to be learned regarding 
the functional importance of histological specializations 
among nociceptors. Nevertheless, the existing data pro- 
vide a framework within which to characterize the 
expression patterns of functionally relevant markers, such 
as the ion channels discussed below. Similarly, the study of 
these molecules should facilitate a more complete under- 
standing of how nociceptor heterogeneity contributes to 
the discriminative properties of the pain pathway. 

&TP-gafted Ion channels 

Even though adenosine triphosphate (ATP) is best known 
for its intracellular roles, it has been recognized for several 
decades that th'is molecule also functions as a diffusible 
extracellular signal [16]. ATP released from secretory 
vesicles or lysed cells can bind to and activate purinergic 
G-protein-coupled (P2Y) or ionotropic (P2X) receptors. 
ATP evokes currents in cultured nociceptors [17] and 



causes pain when applied to a blister base [18]. In addition, 
Gu and MacDermott [19] found that ATP can act presy- 
naptically to increase glutamate release from primary 
afferent neuron terminals in the spinal cord. These and 
other observations support a role for ATP in the pain path- 
way. Of the seven P2X receptor subtypes cloned so far, at 
least six are expressed in sensory neurons [20]. Greatest 
attention has focused on the P2X3 subtype because it is 
expressed selectively in small-to-medium diameter sensory 
neurons, primarily in the IB4-positive subset of C fibers 
[21°]. P2X3 receptors contribute to kinetically and pharma- 
cologically distinct currents in these cells as homomeric 
channels or heteromeric complexes formed in conjuction 
with a second subtype, P2X2 [22-24]. The significance of 
this finding has yet to be established, but it nevertheless 
provides evidence that these neurons exhibit a sensory 
apparatus distinct from that of peptidergic nociceptors. 

Acid-gated ion channels 

It has been known for some time that tissue acidification, as 
occurs in the context of inflammation or ischemia, can trig- 
ger a sensation of pain [25,26], and that protons (H + ) can 
evoke multiphasic cationic currents in voltage-clamped, cul- 
tured sensory neurons [27,28]. Waldmann etal. [29,30] have 
recently identified a family of cation channels that are gated 
by reductions in pH. These proteins, named ASICs (for 
acid-sensing ion channels) are related to ami loride-sensi five 
epithelial sodium channels (ENaCs) and the degenerin/mec 
family of ion channels from Caenorhabditis clegans. Worms 
bearing mutations in the latter proteins show defects in 
mechanosensation [31] or constitutive channel activation, 
resulting in neurodegeneration [32]. ENaCs and ASICs are 
thought to have the same overall topology as P2X ATP 
receptors (i.e. two transmembrane domains with cytoplas- 
mic amino and carboxyl termini), but the two protein 
families share little, if any, primary sequence similarity [16], 
Five ASIC subtypes have been described thus far, and each 
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exhibits a distinct pattern of activation kinetics, pH depen- ~ 43°C thresh* 
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Given the structural similarities between ASICs and the Recent eviden 
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" mechanical stimuli. Support for this model comes from a but can be acth 

recent study demonstrating a role for ENaC channels in aor- t exceeding 52\ 
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ganglia it is mo 

Vanilloid receptors medium-to-larg 

Capsaicin, the ingredient that makes 'hot' peppers burn, ical profile and 
specifically activates cation channels on small- and medi- neurons [48°]. " 
um-diameter nociceptors [36]. Because the action of thermal respond 
capsaicin depends upon a vanilloid moiety within its knockout expei 
chemical structure, the target of capsaicin action has been tion of the pot' 
referred to as the vanilloid receptor (VR) [37]. Recently, and chemical n 
our group [38] used an expression cloning strategy to iso- 
late a cDNA from sensory ganglia that encodes a Voltage-gate 
nonselective cation channel (called VR1) that is gated by Voltage-gated s- 
capsaicin and other vanilloid-containing compounds. VR1 minants of 
is also activated by acidification and by an increase in electophysiolog 
ambient temperature to levels (> 43°C) that produce pain are endowed nc 
in humans and pain-related behaviors in animals [38,39°°]. tive to inhibitio 
VR1 is selectively expressed by both the substance-P-pos- atypical VGSQ 
itive and the IB4-positive C fiber subclasses described pound (TTX-R 
above [39°°,40°,41]. In addition, multiple-labeling experi- responses have 
ments have revealed that other, less prevalent subsets of rons, and tht 
VRl-positive cells exist, including one that may represent inactivation kin 
capsaicin-responsive AS neurons [40°]. on the occure; 

action potential 

The proton sensitivity and electrophysiological properties 

ofVRl raise the possibility that this channel mediates the Recent molecul: 

delayed phase of the nociceptive response to tissue acidi- VGSC isoforms 

fication, as previously suggested for native vanilloid Among the XT 

receptors [42]. In addition, the temperature threshold PN1 and brain 

exhibited by heterolgously expressed VR1 is similar to the TTX-R subtyp 
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